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( i ) 
ABSTRACT 
An escperimental inves t iga t ion has been made in to the 
evaporation of large f r e e l y f a l l i n g , o s o i l l a t i n g water drops i n 
an atmosphere composed e n t i r e l y of i t s own vapour at varying 
pressures. Experiments were car r ied out at pressures of 2, 4, 5 
and 6 X 10^ N/m^, 
A photographic record was obtained of the drop at s i x 
observation points down the pressure vessel. From the drop diameter 
and the v e l o c i t y of f a l l measured at the observation point the mass, 
Nusselt number, Reynolds number and c o e f f i c i e n t o f drag were c a l c u l -
ated. 
With an increase i n pressure the Nusselt numbers were found 
t o increase and were much h i ^ e r i n value than those oibteiined by 
other invest igators who had, however, used andiored drops i n a moving 
atmosphere. Values obtained f o r smal l , f r e e l y f a l l i n g drops were not 
comparable w i t h the large drops invest igated i n t h i s study due t o the 
d i f fe rence i n dynamics of the l a rge r drop f a l l i n g w i t h i n a pressurised 
atmosphere composed e n t i r e l y of i t s own superheated vapour. 
Prom the experimenteuL resul t s i t has been shown how the 
obtained heat- t ransfer c o e f f i c i e n t decreased w i t h the increase i n 
excess temperature above the b o i l i n g p o i n t . 
( i i ) 
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GHAETER I 
IHTRODPCTION 
pis., 
There are many contexts i n which the subject of the 
evaporation of drops i s important. Consider the evaporation of 
p e t r o l drops i n a i r . I n a combustion engine f o r instance, the p e t r o l 
i s drawn from the j e t i n t o the choke tube i n the form of l i q u i d drops 
o f varsring sizes, and i t i s important tha t these should be completely 
evaporated by the t ime the i n l e t valve i s reached. To assist t h i s 
process a common surface between exhaust eoid i n l e t manifolds i s 
usual ly provided. 
For the purpose of manufacturing d r i ed m i l k , l i q u i d m i l k i s 
sprayed from an atomiser in to a heated chamber. This process i s known 
as spray-drying. Evaporation from eadi drop takes place u n t i l a l l the 
water content i s removed and only the c o l l o i d a l f a t p a r t i c l e remains. 
I n the f o l l o w i n g examples i t i s attempted t o dooonstrate t o the 
reader how very iniportant the evaporation o f water drops i s i n a super-
heated steam atmosphere. 
The steam raised i n a b o i l e r i s never d i y saturated, there i s 
inva r i ab ly a small amount of l i q u i d dispersed t h r o u ^ the v ^ o u r as 
i t enters the superheater. The question then arises how long t h i s 
water drop may survive i n the supeifaeater and especia l ly whether under 
any circumstance i t has a chance t o enter a h i g ^ pressure turbine w i t h 
the aimission of superheated steam. 
I n sp i te of the usual warming t h r o u ^ per iod steam, on enter ing 
a relatively cool turbine w i l l form a condensate layer on the turb ine 
components. The condensate w i l l d ra in o f f , mostly due to g r a v i t y . 
2. 
and w i l l be pumped out f rom a drainage p o i n t . However, g r av i t y 
w i l l not be the main cause of drainage from the surface of the 
motor. Rotation w i l l cause a c e n t r i f u g a l force which w i l l raise 
protrusions on the f r e e surface o f the coadensate f i l m . These 
protrusions w i l l increase i n size and w i l l eventually betfcowni o f f 
the r o t o r surface i n the f o m of drops which w i l l f l y througji the 
steam atmosphere u n t i l they s t r i k e some s ta t ionary par t o f the turbine 
where they w i l l j o i n other condensate, t r a ined o f f by g r a v i t y ani. be 
removed from the casing by the ex t rac tor pun^. The drop diameter 
varies w i t h r o t a t i o n a l accelerat ion as shown by the woxk: o f Matth@i7 
and Hoyle. I t i s important how long these water drops survive i n 
the supeifeeated steam atmosphere. I f t h e i r behaviour were accurately 
known, i t migiht be possible under ce r t a in conditions t o reduce the 
warming-up-period o f the t u rb ine . 
During the operation o f a h i ^ pressure turbine drops may be 
formed i n the f o l l o w i n g ways: 
a) Higj i pressure turbines are driven by superheated steam 
at a h i ^ pressure-level and exhausted at a low pressure-level , thus 
developing steam power and reducing tenqperature. This reduction o f 
steam energy mey cause the format ion o f water drops. These drops may 
impinge on the r o t a t i n g turbine blades and cause erosion, '^us reducing 
the l i f e spaa o f the tu rb ine . 
b) The pressure d i f fe rence across the guide vanes w i l l cause 
condensation on the turbine inwaird edge o f the vanes. Modem turbine 
designs have allowed f o r these condensate pools by producing hollow, 
s l o t t e d vanes. The condensate i s drawn o f f t h r o u ^ these s l o t s , but 
the s i t u a t i o n may ar ise when the v ibra t ions of the r o t o r may cause 
3. 
drops t o be carr ied i n to the rotating turbine and they also may 
erode the blades. 
c) Water may also form behind a rotating blade due t o a 
pressure d i f fe rence caused by rotation. This water may be thrown 
o f f the blades by c e n t r i f u g a l fo rce , and i n the form o f drops, towards 
the tu rb ine casing, but i f t h e i r relative v e l o c i t y fssleS^ than..that of 
the rotating blades, they w i l l impinge on a ne i ^bou r ing blade. The 
impact of a water drop on a t u rn ing turbine blade can be very hard, 
and errosive e f f e c t s w i l l take place. This erosion may so weaken the 
blade tha t i t breaks. The c e n t r i f u g a l forces resulting f rom loss o f 
a blade are enormous; they can lead to cozuplete destruct ion o f the 
tu rb ine . 
I n s ta t ionary condensera, f o r instance, using i n t e r n a l l y 
cooled tubes, the steam i n contact i s cooled by loosing energy 
t o the cold surface. The condensate l aye r so formed w i l l i n t u r n 
act as a cold l ayer on vdiidi more steam condejases. I n t h i s way a 
l i q u i d f i l m i s b u i l t up at an ever diminishing ra te , aaad i f no ac t ion 
intervened the f i l m would grow so t h i c k tha t condensation would v i r -
t u a l l y cease. However, drainage intervenes, whereby l i q u i d i s removed, 
th inn ing the f i l m and al lowing condensation to continue. The th i cke r 
the f i l m , the more d i f f i c u l t i s condensation, and good drainage o f the 
f i l m i s t h e r e i i r e very iiig>ortant i n condensers. I n conventional 
s ta t ionary condensers drainage i s by g r a v i t y . The l i q u i d i s p u l l e d 
away from the tubes by i t s own weigjht and f a l l s i n a continxious 
stream, thus t h inn ing the f i l m . Continuous stream drainage prevai l s 
only i n conditions o f very heavy condensation - e ,g. when steam 
enters the condenser very wet, when the condenser tubes axe very 
la rge , e t c . We are in teres ted i n the case of a f a i r l y dry oonden-
4-. 
ser i n which the drainage i s by drops f a l l i n g f rom the f i l m . 
I n any case, even i f a continuous f a l l i n g stream s tar ted from the 
f i l m and conditions exis ted tha t |>rovoked'. ev£^ora t ion of the stream, 
the stream would soon become t h i n and break up in to a series o f drops. 
The atmosphere i n the condenser w i l l be tha t of water vapour, t h r o u ^ 
which drops of water are f a l l i n g . I t i s the subsequent h i s t o r y o f 
one such drop, f a l l i n g through an atmosphere o f water vs^jpur i n vHilda. 
the author was in teres ted . 
Other examples f rom engineering and applied science could 
be quoted, but those already mentioned are s u f f i c i e n t to show tha t 
the problem of the evaporation o f water drops i n superheated steam 
occurs widely . 
For evaporation to take place the drop must f u l f i l the 
f o l l o w i n g requirements: 
a) there must be a temperature d i f fe rence between the 
drop and i t s surroundings f o r energy t o be t rans fe r red t o 
the drop, and 
b) there must be a pressure d i f fe rence between the drop 
and i t s surroundings t o promote mass d i f f u s i o n from the 
drop surface i n t o the atmosphere. 
When a water drop evaporates i n a superheated steam atmos-
phere the energy traiasf erred t o the drops i s by conduction caad*^  
convection. S t a r t i n g i n the centre of the drop and moving outward, 
the temperature r ises as one passes through the f i r s t zone u n t i l , a t 
the boundary, the evaporation temperature i s reached. Moving f u r t h e r 
outward t h r o u ^ the evsporation zone the temperature remains the same, 
a l t h o u ^ the f l u i d i s saturated at the inner boundary, and dry 
5. 
saturated steam at the outer, the change f rom one t o the other 
i s not made l i n e a r l y . I n t h i s zone the vapour i s wet, and i t s 
degree o f wetness i s decided by the motion o f i t s molecules 
relative t o the whole mass of f l u i d i n the zone. I n the boundary 
layer the temperature has been assumed t o increase w i t h the . radial 
distance from the centre of the drop. 
The condi t ion of a drop at rest ev64>orating i n t o a s t i l l 
atmosphere i s a f i c t i c i o u s one, and grea t ly over - s impl i f i e s the 
process tha t i s usua l ly the case. Thus, f o r example, a drop being 
thrown o f f a rotor i n a higih pressure turbine may be t r a v e l l i n g towards 
a tu rn ing blade, t o the turbine casing or may be blown about by the 
superheated steam enter ing the rotating t u rb ine . The drop i s there-
f o r e i n cont inual relative motion t o the surrounding atmosphere; t h i s 
e f f e c t sweeps away the surrounding saturated vapour d o u d . An 
increased pressure d i f fe rence i s promoted at ce r t a in areas between the 
drop surface and the atmosphere, thus accelerat ing the mass t r a n s f e r 
r a t e . Boundary l aye r theory indicates that the rate i s a maximum at 
the forward stagnation point and reaches a minijnum at the boundary 
layer separation p o i n t . An attempt t o calculate i n d e t a i l the 
evaporation behaviour o f a water drop would be very d i f f i c u l t ; there 
are no theo re t i ca l solut ions to the problem o f heat and mass t r ans f e r 
f rom a spherical surface. This problem i s f u r t h e r complicated f o r 
high concentration gradients as the mass leaving the drop surface 
a f f e c t s the f l o w pa t te rn around the drop. 
Simi-empir ioal correlat ions have been obtained f o r cases o f 
small concentration gradients, Fr6ssling^^^presented an equation 
6, 
i n uriiioh the Sherwood number, corresponding t o a t r ans fe r 
c o e f f i c i e n t , was re la ted t o the Schmidt and Reynolds number; 
(8) 
a s i m i l a r equation was obtained by Ranz and Marshal l r e l a t i n g 
the Nusselt number to the Prandt l ;ind Reynolds number. These 
equations were adequate f o r evaporation in to a i r atmospheres at 
temperatures up t o 220°0 and a Rej^nolds number range o f 2 - 800. 
The ma jo r i t y of experiments on the evaporation o f drops has 
been car r ied out w i t h anchored drops i n a moving h igh and low temper-
ature atmosphere. Such experiments showed that the square of the drop 
diameter decreased l i n e a r l y w i t h t ime of exposure. The drop diameter 
(9) 
used was usual ly 100 - 200 ;jm and the medium hot a i r . Lee and Ryley^ 
however, blew superheated steam past an anchored water drop. The i r 
work agreed c losely w i t h the work of PrBssl ing, Ranz and Marshal l , 
and a s i m i l a r equation relating the Nusselt number t o the Prandt l 
and Reynolds number was obtained. 
The dynamics of an evaporating drop f a l l i n g f r e e l y i n super-
heated steam has received l i t t l e a t t en t ion i n the past. When evsgor-
a t i o n occurs the drag i s expected t o decrease as there i s a th ickening 
of the boundary layer w i t h a reduction i n the relative v e l o c i t y at the 
( O 
drop surface. This drag reduction has been shown by Ing^bio. 
Many invest igators have ignored t h i s f a c t and used standard drag 
o o e f f i d e n t curves v&ildn. apply t o smooth, spher ica l , s o l i d p a r t i c l e s , 
moving i n a steady state without heat or mass t r a n s f e r . Due t o 
Experimental and theo re t i ca l d i f f i c u l t i e s the study of f r e e l y f a l l i n g 
water dr&ps i n a superheated steam atmosphere has been l i m i t e d . 
As a step nearer to a p r a c t i c a l system, the object of t h i s 
work has been t o study single water drops e$)proximately 4 mm i n diameter 
as they evaporate f a l l i n g f r e e l y through a superheated steam atmosphere. 
7. 
I n order t o study the e f f e c t of heat t r a n s f e r the experiments 
have covered a water drop i n a superheated steam atmosphere at 
200°C at 6 bar and t o 200°C at 2 bar. The Reynolds number range 
var ied f rom 600 t o 1600 (based on physical propert ies of surrounding 
atmosphere). The t r a j e c t o r y o f the drops have been recorded t o 
calculate the drag c o e f f i c i e n t s under these condi t ions . 
The drop size and distance t r a v e l l e d were obtained by 
repetitively photographing the drop as i t t r a v e l l e d down the 
chamber. The change o f the square o f the drop diameter was i n s t a n t 
but var ied w i t h pressure. 
GHiPTER IT . 
LITERATURE HTmrov 
So many invest igators have studied the evaporation o f 
drops that i t i s O f advantage t o separate the l i t e r a t u r e i n the 
f o l l o w i n g sections: 
1 , 
2 . 
3. 
4. 
Evaporation of s ta t ionary drops i n a s t i l l a i r 
atmosphere. 
Evaporation o f s ta t ionary drops i n moving 
atmosphere. 
a) a i r (low teniperature, h igh temperature). 
b) superheated steam. 
Evaporation o f f r e e l y f a l l i n g drops i n a s t i l l 
a i r atmosphere. 
The drag o f l i q u i d drops undergoing heat and 
mass t r ans fe r . 
1 1 , 1 , Evaporation of s ta t ionary drops i n a s t i l l a i r atmosphere. 
Many invest igators have shown tha t the decrease o f surface 
area, due t o simultaneous heat and mass t r ans fe r , f rom a s ta t ionary 
drop i n low temperature surroundings i s d i r e c t l y propor t ional t o the 
time o f esqposure t o the atmosphere. 
This may be w r i t t e n as: 
'^o^ - ^ t ^ = 2,1 
i s the i n i t i a l drop radius 
r^ i s the drop radius at the time t 
t i s the t ime, and 
C i s the evaporation constant 
Kumagail. and Isoda^^^^ obtained data f o r s ingle drops o f 
cetane, heptane, benzene and e t h y l a lcohol evaporating i n to a h igh 
temperature a i r atmosphere suspended on a s i l i c a f i l amen t . The data 
9. 
obtained showed tha t equation 1 . 1 . i s also v a l i d over most o f 
the evaporation per iod i n a h igh tonperature a i r atmosphere. 
A complete survey on the evaporation and growth o f drops 
i n gaseous media has been w r i t t e n by N. A. Factos^^) g^ ^^  the 
N.A.C.A. Report Ho. 1300 deals w i t h evaporation and combustion 
o f drople ts . Some of the more relevant results are discussed i n 
t h i s sec t ion . 
(4) 
Niohiwaki and H a ^ i experimentally measured the var-
i a t i o n o f diameter w i t h time of l i q u i d drops suspended on a f i n e 
s i l i c a f i l amen t . The f i l amen t , 0.1 mm diameter, was inser ted i n to 
a hot chamber and motion pictures taken ' ofi.- the drop. I n i t i a l drop 
diametere ranged from 0,8 mm t o 1.2 lom and the l i q u i d s used were 
water, benzene, e t h y l alcohol and methyl a lcohol . The results showed 
tha t the square of the diameter decreased l i n e a r l y w i t h t ime, Eobayasi^^^ 
mounted a furnace on wheels so tha t i t could be moved quickly i n t o 
p o s i t i o n around a suspended drop, and achieved s i m i l a r results. 
Spalding invest igated the combustion o f l i q u i d f u e l s using 
model drops made by f l u i d f l o w i n g continuously over s o l i d spheres. 
He obtained the f o l l o w i n g expression f o r the mass t r ans f e r rate f rom 
a l i q u i d sphere i n an i x i f i n i t e atmosphere: 
2 ,2 , dm = - 2 I T D , k . l n ( l + B) 
d t c 
D i s t h e d r o p d i a m e t e r , 
k i s t h e m e a n t h e r m a l c o n d u c t i v i t y 
B i s t h e t r a n s f e r n u m b e r o f t h e f u e l 
IJO i s t h e s p e c i f i c h e a t o f t h e med i ian 
For evaporation in to hi#x temperature atmospheres, Spalding 
s ta ted tha t the t r ans f e r number B i s given t y B = Cm . A T 
L 
10 . 
where Cm i s t h e mean s p e c i f i c heat o f the m e d i m , ^ IP i s the 
temperature cLLfferenoe between the atmosphere and drop s u r f a c e , 
and L i s t h e l a t e n t heat o f t h e l i q u i d , assuming the drop has 
reached a s teady tempera ture . 
2 . 2 . a . E v a p o r a t i o n o f s t a t i o n a r y drops i n a moving 
a i r atmosphere. 
F r B s s l i n g s t u d i e d drops o f wa te r , a n i l i n e , naphtalene 
and n i t robenzene evg^jora t ing i n t o a i r s t reams a t room tempera tu re . 
The da t a were ob ta ined over a range o f Reynolds Numbere f r o m 2 t o 
750 and c o r r e l a t e d b y an e m p i r i c a l e q u a t i o n o f t h e f o r m : 
Sh = 2 . 0 + He ^ 2.3 
where Sh i s t h e Sherwood Number corresponding t o an o v e r a l l 
t r a n s f e r c o e f f i c i e n t . 
Sc i s the Scthfflidt Number corresponding t o the r a t i o 
^/D; Q = v i s c o s i t y ; D = d i f f u s i v i t y . 
Re i s t h e f l o w parameter f o r convec t ive heat t r a n s f e r 
(Reynolds Number) 
G-\ i s a cons tan t . 
m = i 
n = ^ 
"m" i s an i n d e x o f t h e e f f e c t o f conveot ive v e l o c i t y on mass 
t r a n s f e r , and " n " an index o f the ra^io o f momentian and d i f f u s i o n 
boundary l a y e r t h i cknes s on mass t r a n s f e r . 
Many molecules , because o f t h e i r i r r e g u l a r movement, r e t u r n 
t o the drop su r face and i n t u r n are p a r t i a l l y accepted by i t . 
F r b s s l i n g showed t h i s i r r e g u l a r t r a n s f e r r a t e a long t h e drop s u r f a c e . 
Ranz and M a r s h a l l ^ ^ ^ c a r r i e d ou t i n v e s t i g a t i o n s o f t h e r a t e 
o f e v a p o r a t i o n o f wa te r drops and wate r drops c o n t a i n i n g d i s s o l v e d 
and suspended s o l i d s up t o 220° 0 u s i n g h igh-speed p h o t o g r ^ h y t o 
1 1 . 
r e c o r d the decrease i n drop d iamete r . They expressed t h e i r 
mass - t r ans f e r c o r r b l a t i o n by the equa t ion : 
m* = 2 . 0 + 0 . 6 Sc^ Re^ 2.2,.. 
Nu ' = ETusselt Number f o r mass t r a n s f e r . 
By analogy h e a t - t r a n s f e r d a t a shou ld be c o r r e l a t e d by 
a cor responding e q u a t i o n : 
Nu = 2 . 0 + 0.6 P r ^ Re^ 2 . 5 . 
T h e i r r e s u l t s o f s t ud i e s on pure l i q u i d drops con f i rmed 
the analogy between heat and mass t r a n s f e r a t low Reynolds ncoabers. 
They p o i n t e d out t h a t t h i s c o r r a l a t i o n does no t app ly i n higjh tem-
pe ra tu re surroundings and l a r g e c o n c e n t r a t i o n g r a d i e n t s , as s ens ib l e 
heat gained by t h e yspoixr and d i f f u s i o n due t o t he rma l g r ad i en t s i n 
the t r a n s f e r p a t h w i l l have t o be t a k e n i n t o account . 
T o e i , Okuzahi and Kubottf s t u d i e d t h e evapora t ion o f supported 
wa te r drops i n t o a s tream o f s t eam-a i r m i x t u r e . They worked w i t h 
drop s i zes o f 1.2 mm t o 2 .1 mm, an atmosphere t ^ p e r a t u r e o f up t o 
140°C and a Reynolds number range o f 0 t o 120. They c o r r e l a t e d t h e i r 
results f o r heat t r a n s f e r by the equa t ion : 
Nu = 2 . 0 + 0.65 Re^ P r ^ 2.6 
T h e i r r e s u l t s f o r t h e s m a l l Reynolds number range used 
agreed w e l l w i t h the work done b y P r S s s l i n g and lanz; and M a r s h a l l . 
F o r h i g h r a t e s o f mass t r a n s f e r i n fo j r ced convec t ive f l o w , 
no t h e o r e t i c a l s o l u t i o n s have been o b t a i n e d . Such s o l u t i o n s would 
i n v o l v e the simultaneous s o l v i n g o f the g e n e r a l i z e d e q u a t i o n o f heat 
conduc t ion t o g e t h e r w i t h t h e Naieier-Stokes e q u a t i o n and the e q u a t i o n 
o f c o n t i n u i t y under t h e boundary c o n d i t i o n s d e f i n i n g the evapora t ive 
' o 
12. 
f l o w o f the ve^jour a t the drop su r face w i t h the genera l gas 
m o t i o n e q u a t i o n i n the neighbouihood o f the d r o p . 
Grohrbrandt^^^^ however s t u d i e d t h e e v a p o r a t i o n o f 
camopixQr-^ spheres mounted i n a hot a i r s tream and d e r i v e d an express-
i o n f o r t h e mass t r a n s f e r o f a hemisphere, which miay be w r i t t e n 
over t h e whole sphere as 
dm = - K ks2 - J - S e i 2 .7 
d t 0 1+B 
where K i s a cons tan t , k the thezmal c o n d u c t i v i t y o f the medium, 
D t he drop diameter , 0 the s p e c i f i c heat o f the medium a t constant 
pressure and B t h e t r a n s f e r zxumber. I t was fouxid t h a t a t t em-
pe ra tu res up t o 760 °C the heat t r a n s f e r c o e f f i c i e n t decreased w i t h 
increase i n temperature d i f f e r e n c e . 
(12) 
Rasbadh and S t a r k ^ ' measured the ev£S)ora t ion r a t e o f a 
wa t e r drop suspended on a (auai:t2- f a i n ® i n a bunsen f l a m e . The 
va lue f o r t h e heat t r a n s f e r agreed w i t h t h a t c a l c u l a t e d f r o m t h e 
e q u a t i o n o f Saixz and M a r e h a l l how, i f the c a l c u l a t e d va lue were 
m u l t i p l i e d by a constant f a c t o r o f O.63 
Nu = 0.63( 2 + 0.60 Pr^ Re^) 2 . 8 . 
The constant f a c t o r accounts f o r the mass f l o w o f ve^our wh ich 
acquires s ens ib l e heat as i t passes t h r o u ^ t h e boundary l a y e r 
su r round ing the drop s u r f a c e . , 
2 . 2 . b , E v a p o r a t i o n o f s t a t i o n a i y droys i n a moving 
superheated steam atmosphere. 
K . Lee and D, J . Ryley^^^ made a s tudy o f wa te r drops 
suspended i n a stream o f superheated steam. The da t a were o b t a i n e d 
over a range o f Re numbere f r o m 64 t o 250 and an ambient temper-
a tu re o f up t o 143°G« 
13. 
They accepted t h e c o r r o l a t i o n o f 1.5» b u t the constant 
0^ = 0.738 exceeded the Basf and M a r s h a l l va lue o f 0 . 6 . T h i s 
t h e y a t t r i b u t e d t o the f a c t t h a t the wa te r drop was evapo ra t i ng 
i n t o an atmosphere composed e n t i r e l y o f i t s own vapour. T h e i r 
c o r r e l a t i n g e q u a t i o n was 
Nu = 2 . 0 + 0.74 Re^ P r^ 2 . 9 . 
Nu i s t h e mean N u s s e l t number f o r hea t t r a n s f e r . The 
drop was observed t o o s c i l l a t e s l i ^ t l y i n c e r t a i n c i rcumstances , 
bu t i t was not known how t h i s i n f l u e n c e d the evapora t i on . 
2 . 3 . E v a p o r a t i o n o f f r e e l y f a l l i n g drops i n a s t a t i o n a r y 
atmosphere. 
(26) 
BjisenklaBki s t u d i e d t h e mass t r a n s f e r f r o m drops w i t h 
s imultaneous heat t r a n s f e r i n an a i r atmosphere. The experiments 
were c a r r i e d ou t w i t h a wide range o f l i q u i d s (me thy l a l c o h o l , 
e t h y l a l c o h o l , benzene, heptone, pent^ne and wa te r ) w i t h a i r 
temperatures f r o m 200°C t o 1000^0 and w i t h drop s izes f r o m 2^ pa. 
t o 2 nm. F o r comparat ive purposes mean p h y s i c a l p r o p e r t y va lues 
o f t h e f l u i d su r rounding the drop were used i n t h e i r c a l c u l a t i o n s . 
The t r a n s f e r number B was used t o cha rac t e r i ze t h e e f f e c t o f in tense 
mass t r ^ a s f e r . T h i s t r a n s f e r number corresponds t o t h e one used b y 
(6 ) 
S p a l d i n g . T h e i r c o r r i l a t i n g equa t ion i s : 
. N u " (1 + Bm) = 2 + 1.6 (Re2^)2 2 .10 
m denotes an e v a l u a t i o n o f B o r Re a t mean temperatures . 
Topps^^^^ c a r r i e d o u t an i n v e s t i g a t i o n o f t h e e v a p o r a t i o n 
o f drops 300 paa t o 500 p a d iameter , f a l l i n g a t t h e i r t e i m i n a l 
v e l o c i t y i n a i r a t temperatures o f up t o 800°G. Q u a n t i t a t i v e 
results f o r the pure hydrocarbons showed a r a t e o f e v a p o r a t i o n 
14. 
dm, which v a r i e d approx imate ly as t h e ( r a d i u s ) , ^*^* He sugg-
d t 
e s t ed t h a t the temperature o f the vapour l e a v i n g the su r f ace o f 
the drop boundary l a y e r i s below the ambient l e v e l , bu t t h a t 
ambient temperature can always be a t t a i n e d i n t h e wake. A l s o t h a t 
the v a r i a t i o n o f evapora t ion r a t e w i t h temperature i s a f f e c t e d by 
t h e outward f l o w o f vapour f r e m t h e drop s t i r f ace rigducing the 
t r a n s f e r r a t e o f heat t o i t . 
2 . 4 . The drag o f l i q u i d drops imdergo ing heat and mass t r a n s f e r . 
The laws govern ing a s p h e r i c a l p a r t i c l e moving f r e e l y 
th rough an u n d i s t u r b e d f l u i d have been expressed b y means o f a drag 
c o e f f i c i e n t , O Q , d e f i n e d by: 
0 = F 2.11 
where F = d rag f o r c e . 
Pjj = d e n s i t y o f f l u i d . 
V = v e l o c i t y o f p a r t i c l e 
Ap = p r o j e c t e d a rea o f p a r t i c l e . 
The s tandard drag c o e f f i c i e n t curve hav ing Op and Re as 
o r d i n a t e s app l i e s t o smooth s o l i d spheres, moving a t a cons tan t 
v e l o c i t y i n an incompressible f l u i d o f s u f f i c i e n t ex t en t t o e l i m i n a t e 
the e f f e c t s o f the c o n f i n i n g w a l l s . The resistance t o a sphere i n 
mo t ion i s due t o f r i c t i o n e f f e c t s c o n s i s t i n g o f f i l m f r i c t i o n and f o m 
f r i c t i o n . ^ Stokes Low region. Re > 0 . 1 , f o r m f r i c t i o n caused by 
pressure v a r i a t i o n on drop su r f ace c o n t r i b u t e s t h e m a j o r p a r t o f the 
t o t a l d rag and i t s relative importance decreases s t e a d i l y as t h e Re 
number o f t h e p a r t i c l e inc reases . 
15. 
The Navier -Stokes equat ions are t h e bas i s o f any 
t h e o r e t i c a l d e s c n p t i o n o f a f l u i d system so t h a t t h e i r s p e c i f i c 
s o l u t i o n s wou ld p r e d i c t a l l f l o w p r o p e r t i e s o f t h a t system. 
However, a gene ra l s o l u t i o n i s u n j u s t i f i e d s ince m a j o r a s s u i ^ i o n s 
have t o be made o f t h e p h y s i c a l p r o p e r t i e s and m o t i o n o f the d r o p l e t . 
Under c o n d i t i o n s o f mass t r a n s f e r a s o l u t i o n would become even more 
complex, s ince t h e boundary c o n d i t i o n o f zero v e l o c i t y i a t h e d r t ^ 
su r f ace i s no l o n g e r t r u e . 
Ingebo^' '^^ s t u d i e d t h e d rag c o e f f i c i e n t s f o r d r o p l e t s 
and s o l i d spheres i n an a c c e l e r a t i n g a i r s t ream. Diameter and v e l o c i t y 
d a t a f o r i n d i v i d u a l drops and s o l i d spheres were o b t a i n e d w i t h a h i ^ -
speed camera. The d rag c o e f f i c i e n t s f o r water i s octane and t r i c h l o r e -
t h y l e n e drops were f o u n d t o c o r r e l a t e by t h e equa t i on : 
OD = 27/Re°*84 2 .12 
f o r 6 < . R e <c 400 
He s t a t e s t h a t when e v a p o r a t i o n r a t e s were l o w , so l i d - sphe re 
equat ions were a p p l i c a b l e , 
Eisenklam^^^^ a l so s t u d i e d t h e e f f e c t o f mass t r a n s f e r 
on t h e drag c o e f f i c i e n t and f o u n d t h a t i t was g r e a t l y reduced. T h i s 
reduction was due t o the boundary l a y e r t h i c k n e s s i n c r e a s i n g , separ-
a t i o n occura a t a d i f f e r e n t p l a c e , and t h e s e p a r a t i o n wake i s changing. 
The c o r r e l a t i n g equa t ion f o r a sphere w i t h mass t r a n s f e r 
was f o u n d t o be: 
C f ( 1 + B) = Gj) 
16. 
Ggf = Drag c o e f f i c i e n t w i t h mass t r a n s f e r 
B = t r a n s f e r number 
= Drag c o e f f i c i e n t w i t h o u t mass t r a n s f e r . 
I t can be seen t h a t the evapora t ion o f smaT] suppor ted 
wa t e r drdps i n an a i r atmosphere has been w e l l e s t a b l i s h e d , b u t 
the evapo ra t i on o f f r e e l y f a l l i n g wa t e r drops i n a p r e s s u r i s e d 
steam atmosphere has received l i t t l e a t t e n t i o n . I n o rde r t o come 
near a p r a c t i c a l system, methods and apparatus were devised t o s tudy 
a drop t r a v e l l i n g f r e e l y th rouga a p r e s s u r i s e d superheated steam 
atnujsphere as encountered i n condensers o r steam t u r b i n e s . The 
o b j e c t o f the work was t o s tudy t h e e f f e c t o f pressure on the evap-
o r a t i o n o f a drop o f water a t t e r m i n a l v e l o c i t y i n a superheated 
steam atmosphere. 
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IXPERBIENTiL SEGTTQW. 
The method c o n s i s t e d o f p h o t o g r a p h i c a l l y observ ing wa te r 
, drops as t h e y f e l l down a v e r t i c a l vesse l c o n t a i n i n g p r e s s u r i s e d 
superheated steam. The d iameter and v e l o c i t y were determined a t s i x 
d i f f e r e n t o b s e r v a t i o n p o i n t s down t h e v e r t i c a l a x i s . The superheated 
steam pressure was v a r i e d f r o m 2 t o 6 b a r . 
I I I . 1 . Photographic Technique. 
F o r t h e pho tograph ic s tudy o f a f r e e l y f a l l i n g d rop , a l a r g e 
dep th o f f i e l d i s necessary as t h e drop does no t f a l l v e r t i c a l l y but 
may d r i f t a t random f r o m a v e r t i c a l p a t h even i n a s t i l l atmosphere. 
A l s o , en l a rged drop images were needed t o s tudy t h e b e ^ v i o u r o f t h e 
drop i n t h e p r e s s u r i s e d superheated steam atmosphere. T h i s was adaieved 
by i n c r e a s i n g t h e d i s tance f r o m t h e oameta l e n s t o t h e f i l m . T h i s 
d i s t ance increase was chosen so t h a t , i t "was no t t o o s m a l l t o observe 
t h e change o f shape and d r i f t o f t h e drop and no t t o o l a r g e t h a t t h e 
aper ture . , was no t t o o s m a l l so accurate iEnage d e f i n i t i o n i s ensured, 
I n F i g . 1 . , t h e pho tographic t echn i f ixe i s shown. 
Rear i l l u m i n a t i o n f r o m a 2 0 0 - ¥ a t t tungs ten-ha logen lamp 
d i f f u s e d by a temperature resistant ground g l a s s screen was f o u n d t o 
promote good d e f i n i t i o n . 
I I I . 2 . Appara tus . 
The f l o w diagram. F i g , 2 , shows t h e l a y o u t o f t h e apparatus 
i n n i n e p a r t s : -
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20 , 
1 . Steam-generat ing system, c o n s i s t i n g o f f e e d t a n k , 
f e e d pump, b o i l e i ? , separa to r , superheater and reducing v a l v e . 
2 . Tes t s e c t i o n , c o n s i s t i n g o f pressure v e s s e l , means o f 
measuring teinperature and p ressure , apparatus f o r p roduc ing 
d rops , and 8¥»paratus f o r recording t h e d r o p ' s behaviour i n 
f l i g h t . 
3. A coi3denser w i t h o o & l i n g water and e x t r a c t i o n pun^s. 
I I I . 3 . Steam g e n e r a t i n g s.-ystem. 
Steam a t pressures f r o m 1 t o 10 bars a t a t e n ^ ^ r a t u r e o f 
o 
200 G was required f o r t h e i n v e s t i g a t i o n . The f e e d w a t e r , processed 
t o one p a r t p e r m i l l i o n permanent hardness, was pumped i n t o a Glayfeon 
steam gene ra to r . Model R0.110. The wet steam was passed t h r o u ^ a 
s epa ra to r , f r o m whicaa i t emerged 91% d r y , t o an o i l f i r e d superheater 
i n w h i c h i t s temperature was r a i s e d t h r o u ^ a pressure reducing v a l v e , 
s e t a t t h e required p r e s su re . The reducing v a l v e was dxaphra^ op&T-
a t e d , and had a downstream pressure t a p i n g . T h i s t€5)ping sensed t h e 
downstream pressure and ac t ed on t h e d i a p h r a ^ f o r a f i n e c o n t r o l l e d 
p r e s su re . The steam now e n t e r i n g t h e t e s t i n g s e c t i o n was superheated 
and pressure c o n t r o l l e d . The used steam was condensed and drawn o f f 
w i t h an e x t r a c t i o n pump. 
I I I . 4 . Tes t S e c t i o n . 
Measurement: 
Experiments w i t h a f r e e l y f a l l i n g d r o p , 3 nm i n d iameter i n 
a i r a t reom teniperature showed a d i s tance 350 mm was necessary f o r the 
drop t o reach i t s t e r m i n a l v e l o c i t y . S o n s i d e r a t i o n o f the expected 
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22. 
e v a p o r a t i o n r a t e s , a d i s t ance o f f a H ©f 320 xm was t h o u ^ t t o 
be necessary f o r t h e drop t o reach i t s t e r m i n a l v e l o c i t y and 
t h e r e f o r e t o be s u f f i c i e n t a distaaaoe f o r o b s e r v a t i o n . The Vesse l , 
wftiioh was e l e c t r i c a l l y heated e x t e r n a l l y , had s i x 360 mm x 50 mm 
windows, t h r o u ^ w h i c h t h e drop ootJld be observed. The i n t e r n a l 
temperature was measured b y thermo-couples and c l o s e l y c o n t j p o l l e d b y 
means o f a v a r i a b l e t r a n s f o r m e r i n t h e c i r c u i t o f t h e e l e c t r i c hea t e r . 
The pressure i n s i d e t h e v e s s e l was measured upstream o f t h e steam o u t l e t 
v a l v e , 
I I I . 4 . 1 . Pressure v e s s e l . 
The d e s i g n o f t h e pressure vesse l i s shown i n F i g . 3 . The 
v e s s e l i s made o f s t a i n l e s s s t e e l t u b i n g , 125 naa i n s i d e d iamete r x 13 mm 
w a l l t h i c k n e s s and 1225 ma. l o n g . S i x windows are p r o v i d e d fjxp (see F i g . J ) 
t o observe the d r o p ' s f l i ^ t down t h e chamber a x i s . The windows are made 
o f 12.5 mm t h i c k , f l a t armoxir p l a t e g l a s s . Cons ide r ing t h e t e s t i n g 
pressxire ( P = 1,5 X 18 ba r ) t h e v e s s e l was s t rengthened a t i t s weakest 
p o i n t s . I n o r d e r t o ensure t h a t t h e v e s s e l remained d r y when steam was 
a d m i t t e d , f l e x i b l e , f i b r e g l a s s h e a t i n g elements were tsgped around the 
o u t s i d e o f t h e chamber. The eleioents were swi tched p a r a l l e l and c o n -
t r o l l e d b y a 15 A , 250 V v a r i a b l e t r a n s f o r m e r . A v o l t m e t e r was connected 
t o t h e v a r i a b l e t r a n s f o r m e r t o g i v e accurate v o l t a g e reading. 
I I I . 4 . 2 , Temperature m e f l a r i T ^ n ^ ^ * 
The teatperature d i s t r i b u t i o n a long t h e chamber a x i s was f i r s t 
measured i n a i r . S ince t h e w a l l s were a t a d i f f e r e n t temperatxire and 
h e a t i n g the a i r i n t h e chamber, a temperature d i f f e r e n c e was n o t i c e d 
a l o n g t h e w a l l , even a f t e r s teady c o n d i t i o n s had been reached. The 
r a d i a t i o n f r o m t h e w a l l s a l so c o n t r i b u t e d t o t h e d i f f e r e n c e i n temper-
25. 
RK/Z-iaerf ai cattfofeach window 
a •*» "J" a»w HT ball, 
Um WatktHm Jomtiita SSO'F 
ijMkeil<i: Lkm In/uu/ Jointing no-r 
hgon-Arc Safiy 'tAUing Viroufhau/ 
^indowi: Armourpiafe Qlaa 
J" 
f I + 
1—'— 
- S--
- *!'-
38 ZBA HT Uitbraio Sockeicap 
Screws 
fLann materia/; Sriffht fttUt Sleei 
Material of allcilier an narked partt: 
ENSBS SlamleasSleei 
Dram 
1:2 ^uufe Vettel loo Ut/if. in. 
24. 
a t u r e measured a long t h e chamber a x i s . I n o r d e r t o check t h e 
temperature p r e f i l e a long the chamber a x i s , a thermocouple was 
t r a v e r e e d down t h e p a t h o f the d r o p . ( F i g , 4 . ) Three thermocouples 
were p o s i t i o n e d down the chamber. The t o p and bot tom f i x e d at t h e 
w a l l su r f ace and t h e t h i t d was suspended i n the medium. The t h r e e 
readings were compared a t r e g u l a r i n t e r v a l s w h i l e t h e experiments were 
c a r r i e d o u t . S ince the chamber was o n l y heated t o ensure dryness , t he 
ten^jera ture d i f f e r e n c e a long t h e daamber w a l l became v e r y s m a l l a f t e r 
hav ing had t h e steam c i r c u l a t i n g f o r 15 minu tes . 
The thermocouples used were o f 20 gauge copper w i r e , and f u s e d 
t o g e t h e r . i n a s m a l l f l a m e . The measurements showed the . temperature 
p r o f i l e was u n i f o r m t o w i t h i n a 10°G t o l e r a n c e , 
I I I . 4 . 3 . Pressure Measurement. 
The steam i n l e t i s s i t u a t e d a t the bot tom o f the v e r t i c a l v e s s e l 
t o eifi iure no a i r l o c k cou ld f o r m . A long the d e l i v e r y p i p e , a pressure 
g a u ^ i s p l a c e d t o observe the steam d e l i v e r y p ressure , A Budenberg 
Standard Tes t Gauge 0-300 p s i i s used t o measure the pressure i n t h e 
ves se l d u r i n g an exper iment . The pressure readings were conver ted 
f r o m p s i i n t o b a r . 
I I I . 5 . Drop p reduc ing system, 
R, Hoyle and D. H , Matthews^' '^ c a r r i e d ou t work on t h e e f f e c t 
o f speed on t h e condensate l a y e r on a c o l d c y l i n d e r r o t a t i n g i n a 
steam atmosphere. They s t u d i e d t h e behaviour o f drops (4 .06 mm -
1.27 mm) as t h e y were th rown o f f under the i n f l u e n c e o f c e n t r i f u g a l 
f o r c e . T h i s s tudy i s p r i m a r i l y t o observe the b e h a v r i o u f o f drops d u r i n g 
t h e i r f r e e f l i ^ t and i t was, t h e r e f o r e , o f p a r t i c u l a r i n t e r e s t t o s t u d y 
a drop diameter i n t h e range o f t h e i r work . 
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Methods of drop pgodaotioH. 
Many investigators have b u i l t atomizers based on the 
p r i n c i p a l of v i b r a t i n g a f l u i d ^Jet and thus disrupting i t i n t o a 
continuous droplet stream o f constant diameter governed by the frequency 
of the disturbance. This was f i r s t investigated by Rayleigh^22)(i879). 
A model of such an atwnizer was b u i l t w i t h the iiaformatioh given by 
D. J. Ryley and M. R, Woods^ -^^ ^ and i t was observed t h a t the drops were 
spaced too close f o r i n d i v i d u a l investigation. J. M. Schneider and 
D. G. Hendricks^^^ developed a method of separating i n d i v i d u a l drops. 
These drops were charged and by using e l e c t r o s t a t i c means deflected from 
the stream. This aaethod was also investigated, and l o t followed f o r the 
following reasons: 
a) A given drop diameter may only carry a p a r t i c u l a r e l e c t r i c 
charge. Should i t evaporate t o a diameter corresponding t o i t s 
c r i t i c a l load, i t would explode. 
b) The drops would have t o be hi g h l y charged i n order t o 
deflect them from t h e i r o r i g i n a l path, and d i f f i c u l t y was 
encountered i n establishing a s u f f i c i e n t e l e c t r i c f i e l d 
necessary f o r d e f l e c t i o n i n a steaa atmosphere. 
A f t e r considering these and other methods of producing drops, 
i t was found most suitable t o use a hypodezmic tube as a heat exchan-
ger and condensing superheated steam onto i t . This gave the d i s t i n c t 
advantage of having a closed cycle and only the l a t e n t heat of vapour-
i s a t i o n was removed, thus reducing the heating-up period of the drop 
4.^  _ t o a minimtsQ. 
I I I . 5 . 2 . Production of droos wi^ :>. ^^.^tant ai^^i:.^ 
I n Pig.5. the pxx^cess occurring while pxx>ducing single dxops 
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of cjonstant diaiaeter i s shown. Nitrogen i s passed t h r o u ^ the 
2 nm hjrpodennio tube acting as the tr a n s f e r mediiam. Film conaen-
sation takes place, g r a v i t a t i o n a l force acts on the f i l m and draws 
i t down t o point A (Fig. 6.) This continues u n t i l the mass becomes 
so great as t o overcome the surface tension force of the condexisate, 
the drop forms a nedc and brealcs away. I f care i s taken to ensure 
constant steam and heat tr a n s f e r conditions, that the drop forms a 
neck before l i f t i n g o f f , then there should be no measurable change of 
drop diameter. Fig . 6. shows the t y p i c a l format i o n of a drop. The neck 
was also observed to break away, t o coalescend and form a droplet, 1/15 
of the drop diameter studied, The consistency of the accuracy i n the 
drop forming process was investigated and found to be sa t i s f a c t o r y . 
I I I . 6 . Photographic recordings of a drop's f l i g h t . 
A shadowgr^hic method was used t o record the size and 
p o s i t i o n of the drop as i t f e l l througji the daaober. Rear i l l u m i n -
a t i o n was used and a hi^-speed camera focused on the plane of the 
drop's f a l l . I n order to illuminate evenly the f i e l d of view, a»dif fused 
point l i ^ t source was used. The layout of the apparatus is shown i n 
Fig.7. 
The camera was positioned d i r e c t l y i n f r o n t of the diffused 
point l i g h t source and the f i l m exposed. The drop appeared on the 
negative as a lirtiite image on a dark background. During the drop's 
f a l l the framing rate and exposure time corresponded t o the values 
necessary f o r ssnachronising with i t s terminal v e l o c i t y . O r i g i n a l l y , 
consideration was given to moving the camera f u r t h e r from the l i n e of 
f a l l , so permitting a longer observation distance, but i t was found that 
a magnification r a t i o greater than 2:1 was required f o r accurate drop-siae 
measurements. The camera was, therefore, used near the l i n e of f a l l and 
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traversed down the outside of the chamber t o record the drop at 
d i f f e r e n t positions on i t s l i n e of f a l l . 
111.6,1. IlluBiination System. 
I n order t o use a shadowgraph method of recording and the 
ahamber wi t h i t s observation windows i t was necessary t o devise an 
i l l u a i i n a t i n g system t h a t could be exposed t o a pressurised superheated 
steam atmosphere. I n B'ig,8, the sjrstem used i s shown. 
Twelve low voltage, 200 Watt Tungsteh Halogen lamps were conn-
ected i n series and powered by a mains v o l t supply. The l i g h t i n t e n s i t y 
could be c a r e f u l l y controlled by a variable transformer. The lamps were 
placed i n a Pyrex glass tube and ve n t i l a t e d by loosely sleeving the 
connecting leads. I t was d i f f i c u l t t o establish a closed c i r c u i t between 
the lanips because of the freedom of movement necessary f o r thermal 
expansion. This was overcome by using balls from b a l l bearings as i n t e r 
connecting l i n k s and by spring loading the two ends of the lamp. 
111,7. Camera. 
The camera used was a Heycam retating-prlsm, hi^-speed 
camera and a 75 mm t e l e v i s i o n camera lens. The lens was f i t t e d on a 
metal extet^ion tube, which permitted changes of image distance. 
The 73 mm t e l e v i s i o n camera lens formed a v i r t u a l image at 
the eperfcurs''. mask. This image was then passed through two relay 
lenses and onto the f i l m . The f i r s t relay lens i s divided i n t o the 
f i r s t - f i e l d ]ens and the second-field lens. The f i r s t - f i e l d lens 
^ l l e c t s the l i g h t passed t h r o u ^ the' gp^rture'^ i^iask and passes i t v i a 
a right-angle prism threugh the multifaced r o t a t i n g prism, i n a near-
33. 
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p e i r a l l e l beam, t h r o u ^ the second-field lens and another idght-
angle prism. The l i g h t was then picked up by a relay lens and 
passed through a tl-prism and the image was formed on the f i l m . 
The frame exposure may be varied by placing a sectored 
shutter-disc between the aperture mask and the f i r ^ t - f i e l d lens. 
The camera was operated when a drop was seen t o form a neck p r i o r 
t o i t s dropping o f f the hypodermic tube. This time i n t e r v a l , from 
formation t o the observation point, was found t o be isufficient f o r the 
camera t o reach constant f i l m speed. The photographs were obtained 
w i t h 16 am -X negative f i L n and a 100 f t . r e e l permitted three d i f f -
erent drops to be recorded. I n order t o achieve msLsimum d e f i n i t i o n , 
the f i l m s were developed f o r 8 minutes i n D-19 developer. 
To confirm that the camera was focused on the l i n e of the drop's 
f a l l , a series of b a l l s , i n a ^ ass tube, were suspended p a r a l l e l t o 
the drop's t r a j e c t o r y and photographed at various aperture settings. 
An aperture s e t t i n g of f 8 was found t o give the best results and 
was used f o r a l l the experiments. 
I I I . 8 . Procedure during a tvni»»i .^.^.^^^^ 
Superheated steam at the required pressure was produced, by passing the 
testsection, but streaming through the pipes t o ensure the removal of a l l 
condensate from the pipes, and heating them t o a steady temperature. 
The temperature i n the t e s t section was checked t o make sure i t was 
safe t o admit steam and then the t e s t section was purged w i t h steam 
u n t i l a steady temperature d i s t r i b u t i o n was reached i n i t . I n the 
meantime, -the camera was focused, loaded with f i l m , and the i l l u m i n a t i o n 
system set at the required voltage. As the chamber reached 
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a steady temperature, i t was locked and pressurised. Nitrogen 
passed t h r o u ^ the drop producing system at a pre-set flow jrate. 
As the condensate formed a drop at the end of the dropper, the camera 
was operated and the f i l m exposed. Having recorded the drop (Fig,9.) 
the steam i n the chamber was renewed and the next drop formed and 
r e c o i ^ d . 
Six d i f f e r e n t positions were observed over a distance of 3^0 nm 
as the drop t r a v e l l e d at i t s terminal v e l o c i t y . I t should be emph-
asised at t h i s point t h a t the photogrs^hs so obtained are not of the 
same drop, but are d i f f e r e n t drops at the same po s i t i o n , produced 
under the same conditions. 
I I I . 8 . 1 . Measurement carried out. 
The measurement on f i l m was carried out by also photographing b a l l 
besucings i n the same plane as the drop. The shape of the drop cheuaged 
from a prolate spheroid t o an oblate spheroid. The major axis and minor 
axis were measured on the f i l m , and grouped according to t h e i r d i r e c t i o n 
w i t h respect t o the d i r e c t i o n of f a l l . The equivalent diameter was 
determined as follows. Treating the drop as an oblate spheroid, i t may be 
shown tha t i t s r a t i o volume/surf ace area (Shape f a c t o r ) , i s : 
(1) T = 1 = 2ab/ [ 3 b . j a L , g i n " " ' } 
The equivalent spherical diameter i s then taken as: 
(2) d-^  = 
V = volcmie of oblate spheroid 
A = Surface area o f oblate spheroid 
a = Major axis 
b = Minor axis 
o 
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When the drop becomes a prolate spheroid, the shape f a c t o r 
may be expressed by using respective formuleue f o r volume and 
surflioe area. 
The v e l o c i t y of each drop was determined by measuring 
the distance the drop t r a v e l l e d from frame t o frame. Knowing the 
framid rate, the v e l o c i t y can be determined. 
I I I . 9 . Study of the source of e r r o r i n the Experimental Tedanique. 
The p r i n c i p a l sources of error may occur i n : 
1) drop size measurement 
2) drop not moving i n a v e r t i c a l plane 
3) 4r v a r i a t i o n of camera speed 
4) measurement of steam teioperature. 
I n calculating the drag force, i t i s necessary t o know the 
distance-time record of the moving drop accurately, as the v e l o c i t y 
and acceleration values are required i n the drag c o e f f i c i e n t equation. 
The high speed camera employed requires only 0.2 sec. t o readi the 
speed of 10OOframes per second. 
The pressure vessel was operated under constant pressure and 
temperature. To ensure no convection currents were present, a f t e r 
the adnission of steai% drops were not produced u n t i l the temperature 
i n the chamber was stable. Since the chamber walls were pre-heated 
the time required to reach a steady state was never more than ten 
minutes. Fresh steam was supplied a f t e r each flasogvformed, 
I I I . 9.1. Drop Size Measurement, 
Only drops which were i n sharp focus during t h e i r f l i # t 
have been reported i n the results. The drop diameter was measured 
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on a t r a v e l l i n g microscope. A l l pictures contained a series of 
b a l l bearings of equal diameter t o determine the factor of mag-
" n i f i o a t i o n . I t was found that the drop sizes could be measured t o 
w i t h i n 0.005 moi of t h e i r true size. 
I I I . 9.2. Drop not moving i n a v e r t i c a l plane; 
The magnification r a t i o was obtained by photographing 
a series of b a l l bearings of known diameter, positioned along the 
v e r t i c a l axis of the pressure vessel from which i t was found t o be 
2.21 : 1 (image s i z e i true s i z e ) . This value has been used i a 
calculating distances and drop sizes from the f i l m . 
The distance from the v e r t i c a l axis t o the camera lens was 
10 cm, and from the lens t o the f i l m 22 cm. 
The depth of f i e l d f o r a 4*7 mm drop was found t o be 15 mm, 
therefore a drop of t h i s size may f a l l down a plane + 5 mm, and s t i l l 
remain i n sharp focus. Hence, the magnification r a t i o may vary between 
2.21 and 2,3; the maximum er r o r so produced i s appreximately ^(1.989%). 
I I I . 9#3» V a r i a t i o n i n gracing Rate; 
I n the camera, an electronic speed control i s provided. 
This con t r o l operates o f f mains supply, 230 V 50 pycles/second. There 
are no rapid changes i n the mains frequency and the maximum er r o r of a 
period of 24 hours i s 0.2 %, 
I I I . 9.4. Errore i n measurement of superheated steam temperature. 
The superheated steam temperature could be measured t o 
w i t h i n SLbout 5^0. The calculation of the Nusselt number includes 
a temperature difference term i n the denominator between the 
temperature of the drop surface and the temperature of the superheated 
stean, s u r r o u n d i ^ the irop. A .urfaca t«^.rat«« of ,40°O and 
a = u r r o « ^ temparature of 20CPo ^ a n s a t«paratu« Oiffer^noo 
of 60°0 + 5»o. 
The values f o r the physical properties of the superheated 
steam were taken at the measured temperature. A 5°C v a r i a t i o n i n 
the superheated steam measurement had l i t t l e e f f e c t on the values 
of the physical properties. 
Ooncluaion. 
Experimental error caused by drop size measurement, drop 
movement and v a r i a t i o n of ffcamSng rate i s less than ^o. The e r r o r 
o f ten^erature measurement i s at maximum and decreases as the 
temperature difference i s increased. 
I I I . 10. Processes occuring during the drop's f l i ^ t . 
The drop parted from the drop producing system 'sstoen i t s 
weight exceeded the restraining surface - tension force. As t h i s 
state of balance 84)proa(axed i t s c r i t i c a l value, the drop was i n 
creeping motion, elongating i n shape, forming a neck and f i n a l l y 
breaking away ( F i g , 6' ) . A f t e r breaking away, the drop was observed 
to be distorted. Such distortions w i l l have had an ef f e c t on the 
surface area, and so on the heat and mass transfer. The drag coeff-
i c i e n t i s also a function o f the shape of the drop and any d i s t o r t i o n ^ 
has an e f f e c t on the motion of the drop throng the pressurised 
superheated steam. Thesd di s t o r t i o n s are of two main typesj a 
d i s t o r t i o n due t o o s c i l l a t i o n s started by elongation as the drop 
breaks away, and d i s t o r t i o n due t o s t a t i c causes. The o s c i l l a t i n g 
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distorfcions promote internal oirciilation, promoting equal tem-
perature distribution and so the heat and mass transfer. This 
was studied, and Pig.9. shows the drops as they change in diameter 
over a distance of 360 mm. I t w i l l be shown that SD^ has reached 
dt 
a steady value and a l l the heat transferred was used for evaporating 
the drop. 
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fflEOHEglGAL ANALYSIS 
The evaporation of a freely falling water drop with h i ^ 
Reynolds number in a superheated steam atmosphere is a complete 
process, and as yet no oomp3ete theoretical analysis i s avedlabUe 
for this tj^e of evaporation, althou^ investigations have heen made 
( 2 . 3 . ) 
with low Reynold's numbers in an edr atmosphere. In order to 
understand the nature of the evs4)oration of a freely fall ing drop i t 
i s f i r s t necessary to investigate the evaporative value of a station-
ary drop in a stationary atmosphere. 
4.1. Evaporation of ajpstationarv drop in a stagnant atmosphere. 
This type of evaporation can be described by equations i f the 
geometry of the ev^oratiaag drop and the physical properties of the 
boundajpy layer surrounding the drop are f i r s t simplified. The evas>or-
ation of a drop cam be expressed in terms of mass or heat transfer. The 
mass transfer equations are inconvenient to use since the rate of diff-
usion of the vapour varies greatly with the change of concentration of 
vapour in the boundary layer covering the drop's surface, and neither 
the concentration distribution nor the thiakiness of the boundary layer 
are likely to be accurately known. Also, the partial pressure of the 
vapour has a large effect on vapourisation rates, as the rates change 
markedly with small changes of the drop surface temperature. The heat 
transfer equation i s the more convenient method of the two since it i s 
not affected by such difficulties. 
The energy transferred by heat from the surrounding atoaosphere 
provides the latent enthalpy of vapourisation of the water in the drop 
4 5 . 
and the heat energy necessary to superheat this vapour in the 
boundary layer. An important simplification has been made by 
dividing the drop and its surroundings into three zones. These 
zones are 
) the drop of radius r , a zone in which a l l the f luid 
is water at a temperature equal to, or lower than the 
evaporation temperature relevant to the ambient pressure. 
2) the boundary layer of radial thickness, ,dr, a zone in 
which a l l the f luid is at evaporation tentperature at the 
zone's inner surface, and at a temperature equal to that 
of the general steam atmosphere, at i ts outer surface. 
3) An evaporation zone lying between these two, in wliich 
the f luid i s continually evaporating and condensing, but 
in the present ease, evaporating more than condensing. At 
points outside this zone nearer the drop's centre, the f luid i s 
in the f i r s t zone at evaporation temperature or lower, and at 
points outside this zone further from the drop's centre the 
f luid i s in the second zone at temperatures equal to arhi^er 
than the evaporation temperature. 
Starting at the centre of the drop and moving outward, the 
temperature rises as one passes through the f i r s t zone until, at the 
boundary, the evaporation temperature is reacshed. Moving further 
outward throu|^ the evaporation zone the temperature 
remains the same, 
and, although the f luid is saturated water at the inner boundary and dry 
saturated steam at the outer, the chajige from one to the other i s not made 
linearly. In this zone the vapour i s wet and i ts degree of wetness i s 
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decided by the motion of its molecules relative to the whole 
mass of f luid in the zone. Molecules with h i ^ kinetic energy 
wi l l reach the inner boundary and others with low kinetic energjr wi l l 
reach the outer boundary. The radial thickness of the zone is assumed 
to be very small. In the boundary layer or outermost of the three 
zones, the temperature and specif ic volume have been assumed to 
increase linearly with the radial distance from the centre of the 
drop. 
With regard to energy transfer from the general atmos-
phere inwards towards the drop i t has been assumed to be by conduction 
throu^ the boundary layer, by mass transfer through the evaporation 
zone, and by conduction thgpugh the drop. Energy transfer by 
radiation or convection through either the drop or the boundary 
layer have be^ en assumed negligible . 
Consider a statlomry drop after the heating-up period -
by which time the drop ms saturated water throu^out, and a l l 
conduction through the drop has ceased. As a l l the energy is 
transferred by conduction through the boundary layer of thickness 
^r , and as this energy, I ^ j , > equal to the latent energy , 
necessary for evaporation plus the energy necessary to superheat the 
V8S>our as i t diffuses throu^ the boundary layer. 
The energy balance for any boundary layer, radius r , 
which surrounds the drop, is given by: 
47. 
\ d r / r dt u J 
^ = mean thermal conductivity of the shell. 
Aj. = surface area at r . 
r = radius from drop centre. 
J = boundary layer thickness. 
L = latent enthalpy of drop. 
= specific heat at constant pressure. 
T = temperature at radius r . 
T E = evaporation temperature, 
m = evg5>orating mass, 
t = time. 
dr = temperature gradient at r . 
For a hi^-temperature surrounding (air up to 1000°0), 
the solution of this energy balance i s identic^ to the equation 
obtained by Godsave.^^?) xn this study the superheated steam 
temperature did not exceed 200°0, so the ener©r necessary to super-
heat the vapour as i t diffuses throu^ the boundary layer was very 
small compared to the latent energy necesssoy for evaporation and 
may be omitted from the energy balance. Equation 7.1. then reads: 
48. 
5 = - 4K^Tr « 
dt 
integrating from 
^ = r + cf to r = 
where 
^ 4 = boundary layer thickness. 
T = T^ 
-1- - -1. 
^ J!) + 
or 
to T * Tg 3?^  = temperature of the superheated 
steam. 
Tg = drop surface tmperature. 
^ .a 
dt 
For evaporation into a q^oan. surrounding r , . , 
comparison to r^, therefore 
(ID+ O - ^ 
then dm = 
V.2. 
From this equation, which holds true for evaporation into 
low temperature surroundings, the mass vaporisation rate may be 
calculated. The effect of mass transfer on heat transfer may be 
expressed in terms of the Nusselt number. being the NiBselt 
number for evaporation into a stationary superheated steam atmosphere. 
From the heat balance at the drop surface: 
A • h (T^ - Tg) = - dm .L 
dt 7.5. 
Where h ^ ^ ^ ^ ^ ^ ^ ^ ^ 
49. 
h - — dm 
d l , A{T^ - Tg) 
h D = dm L • D = V.4. 
k dt K • A(T^ - Tg) 
I f heat transfer i s simply by conduction and the ejcpressions of 
V.2. and 7.4. are combined, the theoretical value of Nu^ j = 2 is 
obtained. 
Nu = 2 • TT 'k ' D • (TA ) Tg) L ' D ' 
L k •Tf ( T ^ - Tg ) 
Kuj,. = 2. 
for Re —>. 0 
4.2. Evaporation of an anchored drop with forced convection. 
The dominant mechanism by which heat energy is transferred 
in forced convection i s by the mixing of hot and cold f luid part-
icles. I t has been shown by FrOssling, ^^ ^ Ranz and Marahall, 
that experimental data for forced convective heat transfer can be 
correlated in the form of: 
Hu = (Re) V (Pr) 
The exact relationship between the above diaensionless groups would 
involve a solution of the Havier-Stokes equation of motion to detertnine 
the velocity profiles in the boundary layer aiid the use of this solution 
to find the temperature profiles of the boundary layer i tse l f . I f an 
arbitrary velocity profile were assumed the exact solution to the heat 
flow equation could be obtained. However, the complexity of mass flow from the 
e^^)©rat-ive-ii5ori^ to the boundary lajrer does not permit the boundary-
layer condition of zero radial velocity. Since, in the case where 
v^our i s emitted from the surface of the drop, i t is accelerated from 
the surface in a tangenital direction as i t effuses thrvau^ the 
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boundary layer, a greater shearstress is therefore necessary within 
the boundary layer in order to sustain the given velocity profile than 
would be required i f there were no mass transfer. The effect of the 
increase in shearstress is an increase of viscosity, Tufeioh in turn 
increases the thickness of the boundary layer. 
4 . 3 . Evaporation of a freely falling water drop in a statior 
superheated steam atmosphere. 
I f one now considers the case of a freely falling drop in a 
pressurised superheated s te^ atmosphere i t is thought very unlikely 
that i t wi l l surround itself with the uniform film of vapour^ 
Take a drop oscillating and falling freely in i ts own vapour. 
For a solid spherical drop laminar boundary theory indicates that the 
heat transfer rate is largest at the stagnation point and decreases with 
distance along the surface as the boundary layer thickness increases. On 
the other hand, the heat transfer rate reaches a minimum near the film 
separation point. Beyond the separation point the heat transfer rate again 
increases because some turbulence wi l l occur in the flow where the eddies of 
the wake sweep the surface. The heat transfer rate, however, wi l l not be 
very effective since the eddies recirculate part of the surface. 
Should the velocity of f a l l be large enough to permit transition from 
laminar to turbulent flow of the boundary layer without i ts separation, the 
heat transfer rate wi l l be muda h i^er , because of the turbulent effect on 
high and low energy level molecules intermixing in the superheated steam 
of the surrounding boundary layer. 
The oscillating behaviour of the drop wi l l also have an effect 
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on the heat transfer rate. The oscillations are mainly das 
to an unequal pressure distribution on the drop's isurface and 
the ev^orative behaviour can be described as follows: 
As a drop oscillates the pressure wi l l decrease at garious 
points in the evaporation zone, which is postulated as beifi|^ water 
on one side, at evaporation temperature, and saturated vfi^ jour on the 
other side at equal temperature. This decrease of pressure at any 
point in the eva4)oration zone wi l l cause the saturation tCTiperature 
to be lowered thus decreasing the enthalpy of the water. The excess 
heat energy which thereby becomes available is absorbed by the water. 
This volume of water becomes superheated and evaporates. The specific 
volume of this water-steam mixture increases rapidly and the energy whidi 
becomes available i s used in accelerating the mixture ^ay from the 
evaporation zone. As this mixture moves away i t varies in tmperature 
from the ev8f)oration temperature relevant to the ambient pressure to 
the general steam atmosphere surrounding the drop. 
I t has been seen that the evaporation of a freely falling 
oscillating water drop in a pressurised superheated steam atmosphere 
i s a very complex problem and is governed by a large number of variables. 
A combination of the three described evsgporative eases takes place anol 
the heat transfer rate i s oonsiderably increased. 
4 . 4 . Drap; resistance on « n.»,,i„^ snheri««T f i r ^ j . 
The resistance force of a freely falling drop i s inade up 
of pressure differences and frictional stresses arising from the 
atmosphere flowing around the drop (force required to accelerate being 
pressurised, superheated steam displaced). For a very slow flow with 
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Reynold's numbers less than circa 0.1, i . e . the cosaditioa of 
'creeping flow', the evaluation of the drag force is given by 
Stoke's law, which is an analytical solution of the equations of 
motion and continuity. 
With regard to the Reynold's number range in iiftiich this study 
was carried out, the calculation of ths drag force is very difficult 
because of flow separation and the appearance of a wake behind the drop. 
The oscillations of the drop wi l l also cause a fluctuation of the drag 
force. The drag coefficient relationship with the Reynolds number has 
been determined ejiperimentally. 
17.4.1. Drafii coefficient equation. 
The following relationship is obtained for a drop falling 
liiidear gravity^ 
F ' = m.a. = m.g. - wg - Fj^' 7.6. 
g = acceleration due to gravity, 
m = mass &S'aiik& drop. 
w = mass of the gas displaced by the drop, 
m.g = gravitational force on-the drop. 
w.g.= boyant force on the drop. 
F R ' = resisting force due to frietion effects or/?fiQrote.-(3a&quired 
to accelerate gas being displaced. 
Newton developed an expression for the resisting foajoe: 
i Op' = drag coefficient. 
I = gas density. 
1 A = area of drop. 
V = velocity of drop. 
5 3 . 
for a sphere: 
8 
Cj) = drag coefficient. 
I f this value of Pg' is substituted in equation 7.4,1., the steady-
state maximum falling velocity may be calculated, 
m. dy = m • g - w • g - Pji' 7,6.a, dt 
7.9. 
4 -Dft) 
At maximum velocity, Vm, djr = 0. 
dt 
C P D - P A ) , g = 3(c^) A - % ^ 
^ = 4 ( P D - P A ) • D J . /C>. 
3 ( 0 D ) P A 
m^ = ,14 ^ - P J • D V.ff. 
^ 3 (OD) pi 
Equation 7.10 is known as Newton's Lae. Solving for GD: 
Co 3 V -PA 
This relation applies when there i s no mass transfer and the drop 
travels at terminal velocity 7ery few investigalioHS have been made for the 
theoretical calculation of th^ drag coefficient of an ev€g>orating sphere. 
(13) CPC) 
Ingebo and Eisenfclsm^ have investigated the effect of evaporation on 
the drag coefficient. Eisenklam used the slow viscous-flow theory to 
correlate drag coefficient relationships from the pressure forces and 
viscous forces in the direction of flow, together with the effect of 
vapour coming off. This theory i s based on steady flow and is valid 
only when the velocity variation of the drop is not very h i ^ . 
•QHAPTER 7. 
gXEERIMBMTAL BESPT.TS 
The main object of this work was to study the heat transfer 
to single water drops falling freely through a superheated steam 
atmosphere. Experiments have been carried out in superheated steam 
varying from 1 to 6 bar in pressure. The drop diameter at the 
beginning of the f a l l was approximately 4 . 7 vm and the superheated 
steam temperature was kept constant at 200^0. The experimental 
conditions were chosen so that a range of mass transfer intensities 
could be investigated. From the photographic record, the drop diameter 
and velocity of f a l l were obtained aa a function of distance travelled. 
These results are tabulated in Appendix I . 
7 . 1 . Distance and Drop Size Records. 
The construction of the pressure vessel allowed for the drop 
to be observed as i t formed, and its f l i j ^ t over a distance of 800 mm. 
From observation i t was found that the evaporation of the drop had 
reached a steady rate and terminal velocity had always been reached in 
the last 300 am of the drop's f a l l . For this reason photographs of the 
drop were only taken in its last 300 mm of f a l l . The observation points, 
measured from the drop formation point were 470 mm, 530 mm, 590 mm, 
650 mm, 710 mm, 77O mm. These points were marked on the camera stand 
and the camera was operated at a constant framing rate and shutter speed. 
The high framing rate (lOOflff.p.s.) and shutter speed ( i . e . time of 
exposure 1 /10,000 second) made i t possible, to obtain very accurate 
pictures of a drop over a distance of 20 mm at each observation point. 
The distance between the successive drop images were measured on the 
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film using a travelling mioroseopej knowing the magnification 
ratio and the framing rate of the camera, actual drop diameters 
and velocity of f a l l could be determined. The drop had sphe^pld&l 
shape and was observed to oscillate and rotate. The major and minor 
axis was therefore measured and an equivalent spherical diameter cal-
culated according to the position of the major axis in relation to 
the direction of f a l l . 
In Pig. 7. 1, 2 , 3 and 4 , drop diameter position relation-
ships are shown for pressures 2 , 4« 5 and 6 bar. Bearing in mind that 
the drops are in i t ia l ly of equal diameter, i t can be seen that with an 
increase in pressure, the drop diameter decreases more rabidly. I t is 
thought that this increase in ev84>oration is mainly due to the increasing 
pressure decreasing the teniperature difference between drop surface and 
the surrounding atmosphere, so bringing the drop into regions to whicfe 
high heat transfer coefficients are attached. (See Discussion). Maximum, 
minimum and mean values for a l l recorded equivalent spherical diameters 
are plotted. 
I n Pig. 5 , 6, 7 and 8 , 7elocity-position relationships are 
shown. Maximum, minimum and mean values are plotted, and i t can be 
seen that the velocity of f a l l oscillates and decreases with an increase 
in pressure. The oscillatory nature of the velocity is due to the change 
in shape of the drep. Sometimes the drop has a very good aeredynamio 
shape, thus the drag force is decreased and the resulting free f a l l 
velocity is higher than the velocity of a poor aerodynamic shape, due 
to an increase of the drag force. The decrease.of terminal velocity 
with an increase in pressure is also due to the boyant force acting on 
the drop and on the eves>orative rate of the drop. The boyaht force 
56, 
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results from displacement of superheated steaja by the drop 
mult ipl ied by gravitational acoeleratioa^'y^D^ steam. and 
acsta i n opposite direction to the gravitational force on the drop. 
As the pressure of the superheated steam increases, so also i s i t s 
density increased, thus the buoyant force grows larger and the result-
ing velocity becomes smaller. The evaporative rate also increases with 
eya increase i n pressure and the terminal veloci ty of the drop w i l l 
become smaller due to the drop havi i^ decreased moxe i n diameter than 
the drop at a lower pressure. Time intervals between each drop position 
where calculated from these curves. 
The square of the drop diameters i n i l l a t i o n to posit ion i s shown 
i n Fig.V, 9 and 10, These curves show that the drop has readied a steady 
value - i . e . A(D^) i s constant, but varies wi th pressure. These 
corves also show that A P i s not independent of drop diameter and i s , 
i n f ac t , of function of the Reynolds number. 
Y,2, Evaluation of Physical Properties f o r use i n the calculations. 
The values of the properties i n the ixanediate v i c i n i t y of evapor-
ating drops change steeply over a short transfer path. The physical models 
generally used to simulate evaporation are highly idealised and, therefore, 
the use of accurately integrated mean properties does not represent the 
actual process. Some previous investigators have used the properties of 
the surrounding undisturbed medium (usually a i r ) , others have used values 
of a i r at mean temperatures. 
I n th i s study, the water drop i s evaporating into i t s own vapour, 
and the conditions i n the boundaiy layer are veiy complex 
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due to simultaneous heat and mass transfer, fher^ i s no 
infoiffiation j u s t i f y i n g the use of mean values based on conditions 
of the surrounding superheated vapour. However, as the v^our at 
the outer part of the evaporative zone i s dry saturated, i t i s 
considered Eiorei representative to use ai^thmetio mean values of 
steam based on the condition of the ev^orative zone and the sunv 
ounding superheated vapour vshilst oalculating Nm selt mambers. I n 
calculating a Rejmolds number f o r the evaporating drop, the kinetic 
viscosity value has been taken as the arithmetic average of the vspoar 
at the teiEperature of the drop and the superheated vapour surrounding 
the drop. The Prandti Number dharaoterises the temperature dis t r ibut ion 
i n the boundary layer, and was found to be dose to unity again using 
mean values f o r the physical properties. The dependence of the Husselt 
number on the Prandtl number could not be obtained, since the Frandtl 
number is a combination of physical properties whose values do laot vary 
appreciably f o r steam. I t wotild be necessary to investigate dif ferent 
l iquids to cover a range of Prandtl numl:»rs . 
V .3. The Evaporation Rate of Liquid Drops. 
Prom the heat balance at the drop's surface, the heat transfer 
coefficient i s defined as follows: 
h-.A • A 3? = . L ¥ . 1 . 
where h = heat transfer coeff ic ient . 
A = iurfaoe area of drop 
y\T = teniperature difference between atmosphere and drop surface. 
dm ai evaporating rate, 
dt 
L = Latent enthalpy of vapourization at drop surface temperature. 
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Sana and Marshall showed that the evaporating rate can be 
expressed i n terns of the Kusselt number, aS follows: 
Hu = hjD fe 1 . PL . L . a(D^) 
k ^ k . ^ T d t , 
where D = drop diameter, 
PL = density of drop at l i q u i d temperature, 
k = theimal conductivity. 
Values f o r d(D ) and corresponding velocities were obtained from dt 
measuring the drop diameter and distance travelled on the f i l m . 
Since the drop was foMied by condensing steam onto a hypodermic 
tube ( l l l . 5 . ) > thus only removing l i t t l e more than the latent enthalpy, 
i t was assumed that the heating up period was wel l completed by the time 
the drop had reached the f i r s t observation point . 
The variat ion i n Husselt number and Resmolds number are 
shown i n Pig . V.11. f o r ev65)Orating water drops into pressurised 
superheated steam. These figures show that the Nueselt number 
decreased as the pressure decreased. Physical properties used i n 
the calculation are based on mean conditions i n the boundary layer. 
The Prandti mamber has been omitted i n these correlations 
as the value of the Prandti number i s relatively independent of 
temperature. The values of the Prandti number i n this investigation 
varied from 0.989 - 1.112, which raised to the power, ^ , are oLose 
to uni ty . 
I n calculating the Nusselt number, the tonperature difference 
was the difference i n temperature of the boi l ing point of the water 
and the surrounding pressurised superheated steam. 
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Fig.7.-11. 
Nusselt Number v. Reynolds Number (Mean Properties) f o r 
Evaporating Drops. 
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V.4. Results of the Dra^ Coefficient of Water Drops. 
As shoTOi i n Section 17.4., the drag coefficient may be 
calculated from Equation 17 .4.1. 
The value f o r the superheated steam density, p s, may be 
taken as that of the undisturbed medium, or as the mean value of 
the siorrounding supeitieated steam and the saturated steam at the 
evaporative zone. 
7.4.1. Drag ooeffioient f o r non evaporating water drops. 
The drag coefficients of l i qu id drops i n a i r under normal 
atmospheric conditions are known to be dose to the standard curve 
whida applies f o r a smooth sol id sphere. I f the drop size is greater 
than about 1.5 aim diameter then circalation wi th in the drop and 
deformation may occur which affect the drag force. As a test of the 
experimental system, drag force measurements were carried out with 
water drops 1.5 mm diameter f a l l i n g through a i r at 20®G. I t was found 
that the drag coeff icient values f a l l close to , but w i l ^ a very small 
tendency to l i e below the standard curve. (Taken from refs, 28, 29.) 
I t may be assumed that the very small evaporation rate occuring from 
water drops f a l l i n g through a i r at 20*^ 0 has caused the small redaction 
i n the drag coeff icient values compared *o the values f o r so l id spheres. 
7.4.2. D rag ooeffioienfc of evappratinc^ dmp.^. 
Drag coefficient values were determined from the time i t 
was assumed that the drop had attained a stea(ay state temperature -
as used i n calculating the Nusselt number. The velocity of f a l l was 
determined at every observation point # i i ch applied over the small 
time interval necessary f o r the drop to reach the next observation 
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point, a distance of 60 mm down the chamber. 
I n Pig, V,12, calculated drag qoeffioient values are 
plotted against corresponding Reynolds number. Curves with the 
sphericity ^ (Yolume ) as parameter (taken from Ref. 15) 
(Surface area) 
have also been included to show the e f fec t of sphericity on the 
drag coeff ic ient . 
The curve labelled = 1 a$>plies t o smooth sol id spheres 
and i t i s seen that a l l the drag coefficient values l i e above t h i s 
standard curve. This i s due to the drop changing i t s sphericity 
continuously from ^proximately G.7 to 0.9. As the pressure increased, 
the dciop was closer to a spherical shape ( - ^ j ^ = 0.8 - 0,9) than at the 
lower pressure. The drag coeff icient i s reduced with an increase i n 
pressure and i t i s thought that consequent increase of the ev^orative 
rate lowered the drag coef f ic ien t . However, due to the osc i l la t ion 
exact evaluation o f the e f fec t of evaporation on the drag coeff ic ient 
could not be made. 
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CHAPTER 71. 
DISCqsSIOH OP BESULTS. 
The second law of Thennodynamios states that heat i s 
an action d^endent on energy transfer from one body to another 
at a lower temperature wi th which i t i s i n direct thermal contact, 
and accordingly heat energy may be defined as the energy that i s so 
transferred by either conduction or radiation. I n the case of 
radiation, some complelx: considerations of the nature of electro-
magnetic waves oome^ ^ into the discussion. I t i s suf f ic ient to sesr 
here that radiation i s seen to be subject to the second law i*ien the 
temperature of the emitting body i s thou^ t of with relation to 
absolute zero., and that therefore radiation is heat. When two bodies 
are not i n direct thermal contact, energy may s t i l l be transferred by 
heat from one to a f l u i d with which the body i s i n thermal contact, and 
be carried by that f l u i d u n t i l the f l u i d i s i n thermal contact with the 
second body. This type of heat includes mass transfer of the f l u i d and 
i s known as convection. 
Energy can be transferred from one f l u i d to another f l u i d at 
the same temperature by mass transfer i n which no heat - i . e . action 
subject to the secoaad law - i s involved. A well-known exas^le of 
th is i s to be found i n evaporation and i n condensation. Whenever there 
i s a concentration gradient of a component there i s a potential 
available, teading to transfer mass of the component i n the direction 
of decreasing concentration. This i s called d i f fus ion and l ike 
convection, includes mass traaasfer. I n the present case, i n the 
evaporative zone, conduction, radiation, convection, and d i f fus ion 
are a l l operating and #ien the term coefficient of heat transfer 
between drop and the steam atmosphere i s used i t i s to be understood 
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that energ7 transfer by any or a l l of these actions may be included. 
The results presented i n Chapter Y, have shown that the evapor-
ative rate of a f r ee ly f a l l i n g drop i n a superheated steam atmosphere 
is increased relative to that of an anchored drop i n a moving super-
heated steam atmosphere. This is attributed to the dynamics of the 
drops investigated. 
Consider a drop (Pig.VI, 1A) without a boundary layer, f a l l i n g 
at terminal velocity i n a f r ic t ionless atmosphere. The individual 
velocities distributed evenly on the drop surface are equal to the 
velocity i n the drep centre, ShouM this drop be of a diameter where 
i t may begin to osci l la te , then the velocity dis t r ibut ion on the drop 
surface w i l l become irregular. Pig, Y I , 1,B. shows a drop osc i l la t ing 
i n a horizontal direction. The resulting velocity on the surface 
consists of the terminal velocity component, plus the velocity component 
iaduced by osc i l la t ion . Por this direction of osc i l la t ion the resulting 
velocity i s larger than the terminal velocity acting i n the drop centre. 
I n the case when the drop oscillates i n the direction as the terminal 
velocity (Pig. Y I . 1.0) the resulting velocity on the f ront half of the 
drop w i l l be increased and on the rear half i t w i l l be reduced. The 
net increase of the velocity w i l l be zero and the drop f a l l s at i t s 
terminal veloci ty. 
Consider now a spherical drop, surreunded by a uniform boundary 
layer, being accelerated i n a superheated steam atmosphere. I n 
Pig, Y I , 2, A. the development of stream-lines f o r an intermediate instant 
of the drop's acceleration period are shown, ' The thickness 
I 
<5f 
O H 
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I 
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o f the boundaty la j rer has been exaggerated f o r the sake of 
c l a r i t y . A p o t e n t i a l f r ics t ioaless f l o w pa t te rn exis ts during 
the f i r s t ins tant a f t e r the drops break away. Separation then 
takes place as shown i n F i g . 7 I . 2 . A , and. the point o f separation 
moves upstream. The vor t ices continue t o grow, become unstable 
and are ca r r ied away from the drop by the external f l o w . This 
continual mixing of h i ^ - and low-energy l e v e l molecules i n the 
vo r t i c e s , promotes the heat t r a n s f e r to the drop. I n F i g . 7 I . 2 . B and 
F i g . V I , 3 , an o s c i l l a t i n g drop w i t h the development o f stream-lines 
i s shown f o r an inteimediate instant o f the drop's f l i g h t . The 
per iodic boundary layer f low may be described as f o l l o w s , ^ 
The higki-energy l e v e l water molecules o f the superheated 
steam atmosphere f l o w towards the drop from above and below. Some 
of these molecules penetrate the drop's ev£5)orative zone and give o f f 
t h e i r energy t o the water molecules at a lower-energy l e v e l . The 
molecules then t r ans fe r i n the d i r e c t i o n o f decreasing concentzration 
(boundary l a y e r ) . The boundary layer moves away frxm the evaporative 
zone i n both di rect ions p a r a l l e l t o the o s c i l l a t o r y motion of the 4rop. 
Rotat ion of the drop was also observed; the speed of rotation, however, 
was very small and r e su l t i ng c e n t r i f u g a l forces were n e g l i g i b l e . 
I t can besseen tha t vigorous mixing of the boundary layer 
i s caused. Due t o the subsequent mixing o f h i ^ - and hcmrensrgy 
l e v e l molecules, the rate of heat energy t r ans f e r to the evaporative 
zone i s much higher than f o r an andiored drop. I t has been shown tha t 
the r e l a t i v e v e l o c i t y of the boundary layer i s also increased, causing 
the boundary layer thickness (constant v i scos i ty ) t o decrease, conseg.-
uen t ly causing an increase i n the heat t r ^ f e r . Since the shape o f the 
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drop i s not spher ical , but changes p e r i o d i c a l l y f rom an oblate 
t o a parolate spheroid, the available surface f o r heat energy t r ans f e r 
i s much la rger than the area of a sphere of equal volunae. 
Topps^^^^ has shown tha t the evaporative rate i s propor t ional 
t o the drop radius t o the 4.6 power. This means tha t a drop w i t h a 
large equivalent spheriosil diameter has a greater heat-energy t r ans fe r 
(9) 
rate than a small diameter drop. 
The temperature d i f fe rence between the e v ^ p r a t i v e zone and 
the surrounding pressurised superheated stesn ateosphere i s also very 
important f o r the rate of t r ans fe r o f energy i n the form o f heat. When 
the excess temperature above the b o i l i n g point of the water i s approximately 
35°C» the heat energy t r ans fe r rate reaches a maximum, and a f u r t h e r 
increase of temperature causes a decrease, at approxainately 100°C i t r ises 
again w i t h the increase o f temperature. 
Heat t r a n s f e r c o e f f i c i e n t s have been calculated from the 
Nusselt number obtained using the mean thermal conduct iv i ty i n the 
boundary l aye r . I n F i g , ¥ l . 4 , the calculated heat t r ans f e r coe f f i c i en t s 
are p l o t t e d against the excess temperature o f the b o i l i n g po in t o f the 
water. I t can be seen tha t the obtained values are w e l l i n agreement 
w i t h the curve presented by A. J . Ede.^''®^ ' 
Because of the many e f f e c t s whicfa in t e rac t t o produce the 
resu l t s obtained i a the pressurised superheated steam atmosphere, the 
resu l t s should not be extrapolated outside the Reynolds number range 
invest igated. 
Physical Propert ies used i n the ca l cu l a t ion . 
Results have been presented i n the previous chapter based on 

8 1 . 
mean conditions of the boundary l aye r and on the propert ies 
of the water based on mean boundary l aye r ten^ierature. 
I n order t o compare obtained r e su l t s^va lue j fo r the 
water evaluated at the mean boundary layer temperature were used. 
I n heat energy t r ans f e r fjritt? change i n phase^conditioi^ i n the 
immediate v i c i n i t y o f the drop ( w i t h i n the boundary layer ) are 
taken i n t o account. Heat t r a n s f e r c o e f f i c i e n t s may be calculated 
using the mean conditions i n the botindary layer , and related to the 
excess temperature above the b o i l i n g point o f the water i n the 
pressurised superheated steam atmosphere. 
V I . 2 . 
Comparison of Results obtained by previous inves t iga tors . 
Many invest igat ions have been made i n the evaporation o f 
drops under fo rced convective forces using model drops o r relatively 
small anchored drops i n a moving atmosphere, and i t has been found 
tha t d(D ) decreased l i n e a r l y w i t h tioae. I n t h i s study i t has been dt 
shown how d(D^) changed wi th pressure. During drop formation onl j -
l i t t l e more than the la ten t enthalpy was removed and the drop was 
observed a f t e r i t had f a l l e n 50 aa i n the pressurised superheated steam 
atmosphere; there was no maximum d(D ) observed during the observations. 
dt 
I t i s t h o u ^ t tha t the drop i s almost a t b o i l i n g t e i^e ra tu re . The 
o s c i l l a t i o n s promote an equal temperature d i s t r i b t i t i o n w i t h i n the 
drop and i t © t t a i n s b o i l i n g temperature at the drop surface very 
qu ick ly . I f the high-energy l e v e l molecule penetrat ing the drop i s 
considered as a hard surface g iv ing o f f heat energy t o the surrounding 
water molecules at b o i l i n g p o i n t , the drop may be considered t o be 
b o i l i n g . The heat t r a n s f e r c o e f f i c i e n t obtained f rom the Nusselt 
number p l o t t e d against the excess b o i l i n g temperature ( F i g . V I . 4 . ) i s 
82. 
w e l l i n agreement w i t h the f i t t e d b o i l i n g heat etrai^fer-
Boefficienb curve. This suggests t h a t the drop surface has 
a t ta ined b o i l i n g teinperature and a maximum d(p ) w i l l not be 
dt 
observed. 
The work of Lee and Ryley^^^ f o r an anchored drop 1 urn 
diameter i n a superheated steam atmosphere (145°0) , showed a h i ^ e r 
evaporative rate to the work of Raaz and M a r s h a l l ^ f o r equal size 
drops i n an airs t reaaof 220°G. Lee and Ryley^^^ stated t h e i r case 
d i f f e r e d , i n as much tha t i t t rea ted a drop evaporating i n t o an atmos-
phere composed e n t i r e l y of i t s own vapour. They had evidence tha t the 
anchored drop o s c i l l a t e d s l i g h t l y under ce r t a in circuuBtances. They 
d i d not know how t h i s influenced the evegoration. I n t h i s study, 
however, i t has been shown that the o s c i l l a t i o n and the l a rge r surface 
aoce& increased the evaporative r a t e . Due to the d i f ference i n the drop 
dynamics i n t h i s study, the values obtained by Lee and Ryley^^^ could 
not be extrapolated to the Reynolds number range o f t h i s study. ( F i g . ) 
(12) 
Rasbaoh and Stark studied the evaporation i n a bunsen 
flame of anchored water drops suspended oa quartz f i b r e s . I t was found 
tha t i n the range of sizes invest igated, 1.3 - 2.3 nan, the heat energy 
(8) 
t r ans f e r agreed w e l l w i t h the Ranz and Marshal l law, i f the c a l c u l -
ated value o f heat ener©r t r a n s f e r were m u l t i p l i e d by a constant f a c t o r 
2 
of 0.63. Values f o r d(D ) extrapolated t o zero f i b r e thickness were 
dt 
25 mm^  and a t y p i c a l resu l t i n t h i s study was 30 I t i s seein 
that the values obtained i n t h i s study are i n agreement w i t h the resul ts 
(40) 
obtained by Rasbach and Stark'' even though t h e i r work was ca r r i ed 
out w i t h much higher temperature d i f ferences . 
83. 
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85. 
V I . 3 . 
The Nusselt number f o r evaporating drops has been c a l c u l -
ated using physical proper ty values o f water evaluated a t boundsoy 
l aye r temperature, and i t was found t o increase as the pressure 
increased. The Kusselt number was p l o t t e d against i t s corresponding 
Reynolds number on a logar i thmic scale. A least squares, f i t method 
was employed t o determine the most representative expression f o r a l l 
po in t s , and the f o l l o w i n g was obtained f o r a Reynolds number range o f 
600 - 1600 ( F i g . V I . 6 . ) 
NUBI = 0.64 E E ° - ^ 5 P r ° - ^ ^ V I . 3 . 1 . * 
The power o f the Reynolds number f o r turbulent heat energy 
* w j u i^u£'ouxen'& h) 
t r a n s f e r i n a c y l i n d r i c a l tube varies f rom 0.8 - 0.87^^^^ I t can be 
seen tha t the power obtained i n t h i s study i s ccaaparable i f the drop 
i s considered t o be a cy l inder w i t h a length equal t o i t s diameter. 
I t i s thought more representative to use physical propert ies 
baaed on mean condi t ion i n the boundary layer and the f o l l o w i n g 
co r r e l a t i on was obtained: 
^ % = 4.2 Re 0.8 
V I . 3 . 2 . 
The Prand t l number was omitted i n t h i s co r re l a t ion , since i t 
was very close t o u n i t y . I n F i g l V I . 8 . the relationship between the 
Nusselt number and Reynolds number i s shown. Again the power o f the 
Reynolds number corresponds t o the tu rbu len t heat energy t r a n s f e r inside 
tubes. 
The Husselt number, using mean conditions i n the boundary l aye r , 
was also p l o t t e d against another dimension-less quant i ty ( F i g . V I . 7 . ) 
equal t o the r a t i o o f excess b o i l i n g temperature ^ 
boxl ing temperature 
seen how the Kusselt number decreased w i t h the increase i n temperature 
d i f fe rence under the condi t ion o f t h i s study. 
ss. 
Si 
0 ^ *^  
-o -o -8 
v/.a 
86. 
V I . 5 . Drag c o e f f i c i e n t o f Evaporating Drops. 
Due to the drop o s c i l l a t i n g , i t i s very d i f f i c u l t t o 
say how the erspov&tion a f f ec t ed the c o e f f i c i e n t o f drag. However, 
i t was seen tha t the c o e f f i c i e n t of dra.g decrease w i t h an inoresise 
i n pressure. The pressure increase brought about an increase i n the 
evaporative r a t e . Therefore, i t can be said that the draft c o e f f i c i e n t 
i s reduced as the evaporative rate i s increased. Ingel^^' '^^ and 
(25) 
Eisenklam showed tha t the c o e f f i c i e n t o f drag f o r small drops i n f r e e 
f l i g h t i s g r ea t l y reduced when evaporation i s t ak ing place. I n addi t ion , 
(16) 
the r o t a t i o n o f the drop causes the c o e f f i c i e n t o f drag t o decrease. 
The physical reason f o r t h i s behaviour i s connected w i t h c e n t r i f u g a l forces 
act ing on the steam molecules rotating w i t h the drop i n i t s boundary l aye r , 
I n F i g . V . 1 2 , calculated c o e f f i c i e n t of drag values are p l o t t e d against the 
Reynolds number. Curves f o r d i f f e r e n t spher ic i t i e s are included, and i t 
can be seen tha t the c o e f f i c i e n t o f drag l i e s above the standard curve f o r 
a sphere. I t has been shown tha t the drop o s c i l l a t e s , and i t i s therefore 
very d i f f i c u l t to say whether the c o e f f i c i e n t o f drag f a l l s below the l i n e 
of equivalent sphe r i c i t y . 
The results have shown tha t the heat energy t r ans fe r f o r an 
o s c i l l a t i n g f r e e l y f a l l i n g drop i n a pressiirised superheated steam almos-
phere i s above the relatively small anchored drop studied by Lee and 
Ryley^^^ and Toei^^*^^. I t has been found that the dynamics and excess 
b o i l i n g temperature and drop size are the main reason f o r t h i s d i f f e r ence . 
The ejsperimental technique o f t h i s study could be used t o inves-
t i g a t e the dynamics of d i f f e r e n t size drops and d i f f e r e n t temperature 
d i f fe rences , t o give more informat ion o f drops evaporating i n t o an atmos-
phere composed e n t i r e l y o f i t s own vapour. 
87. 
CHAPTBR V I I 
GOKOLUSIOHS. 
1 . An experimental technique was developed tha t allowed the 
study o f f r e e l y f a l l i n g , o s c i l l a t i n g water drops evaporating i n to a 
pressurised superheated steam atmosphere, 
2 
2. The values of d(D ) were found t o increase as the pressure 
dt 
was increased. The obtciined veuLues are i n disagreement w i t h the values 
obtained by invest igators xising anchored drops i n an unpressurised, h igh 
and low temperature atmosphere (usual ly sd r ) . I t was shown tha t t h i s f a c t 
could be a t t r i b u t e d t o the dynamics o f the f r e e l y f a l l i n g drop. 
3. The Nusselt number f o r evaporating drops were found to increase 
as the pressure of the superheated steam, increased. 
4 . Heat t r ans f e r c o e f f i c i e n t s were calculated from the obtained 
Nusselt number, and found t o agree w i t h known b o i l i n g heat t r ans fe r 
c o e f f i c i e n t s . 
5. The drag coe f f i c i en t s f o r evaporating drops were calculated. The 
e f f e c t of evaporation on the drag c o e f f i c i e n t could not be invest igated due 
t o the drop's o s c i l l a t i n g behaviour. 
6. I t has been considered more representative t o base the values o f 
the physical propert ies on mean condi t ion of the boundary layer and the 
surrounding superheated steam. 
7. The resul t s of the evaporation rate have been correlated by the 
equation: 
0.8 
Nu^ = 4.2 Re^ 
f o r the ReynSlds number range of 600 to 1 0 0 0 . The Prandt l number was 
omitted, since i t was close to u n i t y . 
AEPBMDIX I . 
TABLES OP RESULTS. 
88. 
Pressure ; 2 bar. 
Major 
axis. a. 
i n urn. 
Minor 
axis. b. 
i n nm. 
Volume. Surface 
i n Dam-^  area i n 
Velocity 
i n m/a. 
Diameter 
i n mm. 
Position I . 
2.63 
2.513 
2.432 
2. §53 
2.119 
2.098 
2.053 
2.102 
Poaition I I . 
2.395 
2.385 
2.385 
2.362 
2.385 
2.353 
2.321 
2.300 
2.374 
2.395 
2.395 
2.374 
2.374 
1.823 
1.823 
1.823 
1.823 
1.812 
1.780 
1.823 
1.855 
1.855 
1.812 
1.802 
1.802 
1.833 
Position I I I -
2.534 
2.4^9 
2.417 
2.343 
2.481 
2.4ij.9 
2.417 
2.332 
2.492 
2.439 
2.374 
2.278 
2.012 
2.055 
2.098 
2.108 
2.0MJ. 
2.055 
2.066 
2.161 
2.066 
2.076 
2.117 
2.163 
Position IV. 
2.23 
2.26 
2.36 
2.26 
2.28 
2.25 
2.21 
2.24 
2.25 
2,16 
2.15 
2.13 
2.15 
2.13 
2.10 
2,12 
2.09 
2.07 
49.466 
4 .^351 
45.203 
47.352 
43.818 
43.453 
43.453 
43.462 
43.191 
41.297 
41.152 
41.120 
43.809 
43.554 
43.314 
42.557 
43.289 
42.966 
43.322 
44.577 
43.605 
43.410 
43.322 
43.211 
45.609 
44.55 
44.023 
44.650 
44.639 
43.721 
43.815 
45.210 
43.790 
43.289 
41.920 
41.937 
41.320 
40.923 
66.435 
63.789 
65.823 
64.352 
61.320 
60.972 
60.972 
60.985 
60.723 
58.94 
52.802 
58.771 
61.310 
61.072 
60.842 
60.137 
60.823 
60.347 
60.670 
61.839 
60.942 
60.760 
60.673 
60.572 
62.825 
61.832 
61.333 
61.924 
61.914 
61.112 
61.282 
62.310 
61.200 
60.823 
^,203 
59.242 
58.661 
58.090 
2.30 
2.28 
2.31 
2.17 
2.19 
3.21 
2.19 
2.17 
2.42 
2.04 
2.36 
1.190 
1.85 
2.254 
2.040 
2.342 
2.289 
2.360 
2.235 
2.307 
2.502 
2.626 
2.62,4 
2.49 
2.49 
3.03 
2.58 
2.94 
2.81 
4.518 
4.431 
4.443 
4.492 
4.39 
4.37 
4.32 
4.33 
4.28 
4.25 
4.23 
4.22 
4.28 
4.34 
4.33 
4.27 
4.31 
4.306 
4.334 
1.383 
4.359 
4.302 
4.334 
4.335 
4.729 
4.372 
4.361 
4.365 
4.370 
4.400 
4.370 
4.354 
4.924 
4.298 
4.274 
4.251 
Pressure : 2 bar. 
Major Minor Volume 
axis. a. axis i n nsa^  
i n tm. i n ma.. 
Surface area 
i n nm^ 
Velocity 
i n s/s. 
Diameter, 
i n nun. 
Position V. 
2.276 2.019 38,861 55.9fS 
2,212 2,083 40,193 57.732 
2.319 1,986 38,312 55.973 
2.276 2,0W 39.669 57.241 
2.|3# $.997 38,922 56.542 
2.352 1.833 33.101 51.082 
2,298 2,062 40,918 58.421 
2.288 2,01f0 39.008 56.627 
2.352 1.965 38,040 55.770 
2.925 
2.930 
3.132 
2.953 
3.15 
2.577 
2.326 
2.543 
4.192 
4.246 
4.165 
4.223 
4.187 
3.942 
4.267 
4.229 
4.150 
Position VI 
2.686 
2.729 
2.697 
2.708 
1.974 
1.842 
1.974 
1.842 
43.835 
38.776 
43.835 
38.776 
61.159 
56.40 
61,152 
56,40 
2.423 
2,315 
2,291 
4,306 
4,094 
4.310 
4.087 
9<5*. 
Pressure ; 4 bar. 
Major Minor Volume Surface Velocity Diameter 
axis. a. axis.b. i n area i n i n m/a, i n mm. 
i n mm, i n mm. mm ^  nm^ 
Position I . 
2.358 2.048 41.428 58.100 2.560 
2.336 2,02*8 41,041 57.710 2,525 
2.336 2,081 42,375 58,912 
2.315 2,087 41,537 59.207 2,222 
2.304 2,037 40,046 56.755 2.047 
2.315 2,046 40,672 57.344 2,186 
2.347 2,037 40.793 57.507 
Position I I 
2,215 1.950 35.280 
2,215 1.950 35.280 
2,204 1.911 3§M3 
2.204 1.992 36.634 
2.194 2.024 37.648 
2.236 1.918 34.455 
2.204 1.908 33.609 
2.173 1.897 32.755 
2.204 1.886 32.839 
2.151 1.918 33.146 
Position IV. 
2.337 1.882 34.673 51.835 
2.272 1.819 31.469 48.633 
2.337 1.863 33.976 51.77 
Position V. 
2.287 1.906 34.802 51.844 
2.255 1,830 31.633 48.733 
2.320 1.819 32.155 49.396 
2.309 1.830 32.390 49.594 
2.309 1.819 32.002 49.221 
2.331 1.797 31.530 46.823 
4.278 
4.267 
4.315 
4.325 
4.234 
4.256 
4.256 
2,293 2,018 55.882 2.130 4.200 
2.335 1.976 391114 55.107 2.219 4.158 
2.399 1.944 38.190 55.053 2,130 4.139 
2.431 1.944 37.976 55.595 2. 4.153 
2.314 1.987 38.483 55.139 2.124 4.164 
2.399 1.966 38.269 55.842 2.188 4.173 
2.399 1.976 38.841 56.202 4.I89 
Position I I I 
52.167 2.031 4.058 
52.167 1.943 4.058 
§m€m B.$m 3.994 
55.436 1.960 4.113 
54.385 4.154 
51.415 2.501 4.021 
50.546 2.460 3.990 
49.667 2.713 3.957 
49.800 2.332 3.956 
50.015 3.976 
2.764 4.013 
2.871 3.885 
3.983 
1.98 4.028 
1.98 3.895 
1.95 3.906 
1.90 3.919 
2.11 3.901 
^•875 
Position VI 
2.369 1.773 31.194 46.605 2.997 3.851 
\M im ilM '-'"^ I'M 
9f. 
Pressure ; tj bay. 
3 or 
aKis.a. 
i n mm. 
Mixior 
axis.b. 
xn mm. 
Position 
2.230 
2.385 
2.417 
2.407 
2.385 
2.422 
2,240 
2.280 
2.330 
1.914 
1.957 
1.904 
1.947 
1.904 
1.882 
2.000 
1.970 
1.920 
Position TT 
2.310 
2.332 
2.332 
2.34^ 
2.i^1 
2.477 
2.514 
2.481 
2.481 
2.492 
2.542 
1.925 
1.893 
1.893 
1.882 
1.893 
1.782 
1.850 
1.882 
1.904 
1.882 
1.867 
Position T T T 
2.171 
2.112 
2.274 
2.293 
2.396 
2.396 
2.385 
1.890 
1.872 
1.850 
1.882 
1.850 
1.840 
1.860 
Position TV 
2.160 
2.138 
2.086 
2.203 
2.171 
1.893 
1.914 
1.947 
1.743 
I.818 
Volume 
i n ima3 
34.220 
38.261 
36.703 
38.221 
56.217 
35.934 
37.532 
37.064 
35.979 
35.856 
35.004 
35.004 
34.747 
37.241 
36.272 
36.041 
36.809 
37.675 
36.972 
36.616 
32.481^  
32.030 
31.740 
34.020 
34.349 
33.979 
34.562 
S2.422 
32.655 
33.12J 
28.035 
30.056 
Surface 
area i n 
51.179 
55.281 
'53.930 
55.296 
53.398 
53.233 
54.332 
53.959 
35.045 
52.887 
52.136 
52.136 
51.917 
54.602 
53.686 
53.606 
54.208 
54.997 
54.390 
54.164 
49.399 
45.973 
48.750 
51.115 
51.684 
51.336 
51.854 
49.321 
49.503 
49.920 
45.048 
47.004 
Velocity 
i n n/a 
2.09 
1.88 
1.56 
1.70 
1.72 
1.74 
1.69 
1.61 
1.65 
1.566 
1.630 
1.694 
14170 
16.04 
1.540 
1.42 
1.55 
1.72 
1.72 
1.73 
1.60 
1.60 
1.35 
1.46 
Diameter 
i n mm. 
4.012 
4.153 
4.083 
4.147 
4.069 
4.050 
4.145 
4.121 
4.070 
4.068 
4.028 
4.028 
4.016 
4.092 
4.054 
4.034 
4.074 
4.110 
4.079 
4.056 
3.946 
3.924 
3.907 
3.493 
3.988 
3.971 
3.499 
3.944 
3.958 
3.981 
3.734 
3.837 
92. 
Pressure : 5 bar 
Major 
axis. a. 
i n mm. 
Minor 
axis.b. 
i n mm. 
Volume 
i n mm-^  
Surface 
area i n Velocity i n h / s Diameter I n mm. 
Position V. 
2.182 
2.193 
2.171 
1.882 
1.892 
1.072 
Position irr 
2.374 
2.364 
2.310 
2.385 
2.280 
2.226 
2.214 
2.278 
2.257 
2.203 
2.193 
1.630 
1.658 
1.700 
1.679 
1.636 
1.700 
1.765 
1.700 
1.690 
1.829 
1.904 
32.373 
32.918 
31.868 
24.616 
27.221 
27.964 
28.163 
25.562 
27.431 
28.891 
27.577 
27.002 
30.870 
33.301 
49.308 
49.358 
46.795 
44.112 
44.687 
«5.263 
45.693 
42,74 
44.603 
45.934 
44.783 
44.145 
47.873 
50,230 
1.55 
1.46 
1.69 
1,61 
1,65 
1.56 
1,63 
1.694 
1.470 
1.604 
1.54 
3.939 
3.967 
3.919 
3.620 
3.655 
3.707 
3.698 
3.588 
3.690 
3.774 
3.695 
3.670 
3.869 
3.978 
Pressure . c ^rir . 
Major 
a&is. a. 
i n mm. 
Minor 
axis.b, 
i n mm. 
VolBme 
i n mm3 
PSsition T 
2.545 
2.513 
2.428 
2.311 
2.289 
1.863 
1.895 
1.938 
1.996 
2.034 
Position T T 
2.186 
2.412 
2.347 
2.251 
2.203 
2.210 
2.223 
2.223 
1.854 
1.822 
1.800 
1.800 
1.856 
1.878 
1.835 
1.824 
Position T T T 
2.298 
2.309 
2.320 
2.337 
2.276 
2.287 
2.331 
1.862 
1.808 
1.667 
1.775 
1.917 
1.851 
1.841 
Position rv 
2.289 
2.257 
2.226 
2.176 
1.706 
1.749 
1.780 
1.812 
Position V 
2.444 
2.423 
2.423 
2.401 
2.177 
2.166 
2.124 
2.026 
2.121 
2.035 
1.890 
1.873 
1.884 
1.884 
1.761 
1.782 
1.739 
1.884 
1.873 
1.852 
37.000 
37.801 
38.198 
38.566 
39.668 
31.474 
33.540 
31.853 
30.550 
31.788 
32.649 
31.355 
30.980 
33.373 
31.616 
27.005 
30.763 
35.035 
32.822 
33.093 
27.906 
28.902 
29.543 
^9.927 
36.569 
35.606 
36.025 
35.698 
28.279 
28.811 
26.906 
30.122 
37.168 
29.^37 
Surface 
area i n 
mm2 
54.582 
55.207 
55.329 
55.408 
56.3^ 
48.435 
54.968 
49.177 
47.665 
45.775 
49.627 
48.391 
48.024 
50.510 
43.848 
44.332 
48.080 
52.043 
49.956 
50.323 
45.144 
46.070 
46.012 
46.882 
53.881 
52.932 
53.320 
52.958 
45i235 
45.74B 
43.721 
46.861 
«8.024 
4§.I967 
Velocity 
i n la/s, Diameter i n mm. 
2.28 
2.14 
2.13 
2.04 
1.543 
1.543 
1.60 
1.73 
1.65 
1.816 
1.633 
1.735 
2.14 
2.06 
2.883 
2.883 
2.883 
1.822 
1.65 
1.91 
1.94 
1.63 
1.89 
1.68 
1.66 
4.067 
4.108 
4.142 
4.176 
4.221 
3.899 
3.948 
3.886 
3,846 
3.910 
3.947 
3.888 
3.871 
3.964 
3.883 
3.665 
3.839 
4.039 
3.942 
3.946 
3.709 
3.766 
S.8O3 
3.830 
4.072 
4.036 
4.054 
3.751 
3.772 
3.692 
3.857 
3.194 
3.816 
Pressure : 6 bar {anm+.^al 
Major Minor 
axis a. axis b. 
i n mm. i n mm. 
Volume 
i n mm3 
Surface 
area, i n Velocity Diameter i n n/s. i n mm. 
Position V T . 
2.157 
2.201 
2.233 
2.046 
1.994 
1.921 
2.108 
2.066 
2.066 
1.810 
1.756 
1.713 
1.765 
1.817 
1.879 
1.630 
1.651 
1.672 
29.600 
28.429 
27.447 
26.698 
27.576 
28.410 
23.460 
23.509 
24.193 
4 .^521 
45.440 
44.530 
43.363 
44.207 
45.030 
40.079 
40.120 
40.764 
1.69 
1.75 
1.89 
1.906 
1.62 
1.68 
3.818 
3.754 
3.698 
3.694 
3.743 
3.785 
3.512 
3.528 
3.561 
95. 
A P E E M D I X H 
Values of Physical Properties used i n the 
Calculation of Evaporating Drops. 
Values f o r the Nusselt number, drag coefficient and Reynolds 
number have been calculated on the basis of physical property values 
of the surrounding superheated steam and on the basis of mean conditions. 
Mean conditions f o r evaporating drops are taken to be the 
arithmetic avera^ between lOOfo vapour at the evaporative aone at the 
surface temperature of the drop and superheated stesm at the surrounding 
temperature. 
Superheated Steam. 
PressuBB i n bso:'. 
Temperature i n 
Theimel Conductivity k 
i n 10-2 y 
Dynamic Viscosity i n 
10r6 ^ 
m.s 
Density i n k j : 
Specific Heat Capacity 
k # . 
Saturated Steam. 
Pressure i n bar. 
Steam temperature i n °C 
Thermal Conductivity i n 
10-2 W 
"Km. 
Density i n k 
2 bar. 
3.33 
2 bar. 
120 
26.74 
1.12 
bar. 6 bar. 
200°C 200°C . 2000c 
3.35 
1.03 1.82 
2.124 2.295 
2.11 
200^ 0 
3-36 3.37 
16.15 1 6.09 1 6,06. 16.03 
2.35 2.85 
2.32 2,35 
Jbar, 
143 
28,90 28,98 30.08 
>ar. 6 bar 
149 159 
2.55 3.26 
96. 
PressujB i n bar 
Dynamic Viscosity 
i n 10-^ kg 
m.s 
Specific Heat Capacity 
kg.K. 
Water. 
Pressure i n bar. 
Evaporation Temperature 
Latent Enthalpy 
i n M 
kg 
Thermal Conductivity 
i n lO"^ _W 
Density i n Igg 
m3 
Specific Capacity 
i n 
kg?K. 
12.80 
2.120 
2 bar 
120 
2203 
68.7 
943 
-bar 
13.65 
2.243 
4.245 
143 
2135 
68.76 
923 
4.289 
5 bar 
13.85 
2.313 
5 bar 
149 
2118 
68.72 
9T7 
4.309 
6 bar 
14.23 
2.397 
6. bar. 
159 
2086 
68.5 
908 
4.335 
97. 
APEEKDIX. l i f e 
Examples of Calculations. 
Calculation of Nusselt' Number; 
(a) Phj^ioal properties based on boundary layer conditions, evaluated at mean temperature: 
1 2203 ' 943 = 2149.6 10^  
4 3.02 . 10 80 
obtained from drop size record, a typica l result 
dt 
OT029 
was 
^ = -0.6 - 10-6 
dt 
^% = 4447.5 
(b) Physical properties based on water calculated at mean 
temperature i n the boundary layer: 
= 1 2203 ' 943 , 0.6 « 10"^ 
4 68.7 . -10-5.80 0.029 
N % = 195 
98. 
Srag^coemcient: 
velocity ana dia^ter ^re .neaau^d for .^ry d^p 
^ the correeporuiing drag coemoiant oaZculated 
from: 
surrounding afenosphere. 
A typical result was: 
^ = 4.306 mm. V = 2.02^ n/s. 
^ ° i(9^3 - 1.03) ' 4.306 . io-3 . J . Q I 
3 • (2.04.)2 . 1.03 ^ 
= 42^6 
12.J 
Reynolds m^mw^^ 
the 
Ee has been calculated 
surrounding evaluated at the 
using the k inet ic viscosity of 
corresponding pressure. 
Re = V • D . P 
A 2,01^ k ^ ^ 2 6 _ : i ^ = 360 
See Appendix I I . f o r the values 
of the physioal p«)perbies . 
99. 
••flPPENDIX TTr 
Consider a drop 4.22 mm i n diameter, evaporating into a 
superheated steam atmosphere at 200*^ 0. The heat energy transferred 
by radiation is given by 
Ra = energjr transferred by radiat 
oCD ~ absofeAtivity 0^ eater drep. 
<fw = ©missittity of wa l l . 
6r = Stefan-Boltaman constant 
• A = Surface area of drep 
rn 
•^w = 
wall temperature 
% = Drop teniperature 
Substituting into this equation the values:-
A = 58.77 • 10"^  m2 
% = 200°C 
% = 120°C 
(T = 56.7 . 10 -12 ^ 
^ = 
m2 ojj 
0.79 (steel walls at 200**C) 
-^D = 0.04 
fia = 2.51 • 10-5 m 
Now, dm f o r a A. ?;? mm ;3 . 
_ ' ^ '^•^^ - « Bupe«,eated 3tea. at 20000 JouM to the e ^ ^ ^ ^ ^ ^^^^^ _ ^ 
100. 
, . Radiation absorbed per gram evaporated 
0.39 • 10""^  kg kg 
s 
For water, L = 2203 k;J , and hence heat energy by radiation 
kg 
received by the drop i s negligib3e . 
I d . 
AEEEMDIX V. 
S U B R O U T I N E D S I M Q | A , B , M , i < S < 
D O U B L E P R E C I S I O N A , B , B i G A 
D I M E N S I O N A ? i l < , B ? o l < 
FORWARD S O L U T I O N 
T O L # 0 . 0 
K S # 0 
. J J # - N 
D O 55 J # 1 , M 
• J Y # J 2 H 1 ' 
J J # J J 8 i N S ! l 
B I G A # 0 
1 T # J J - J 
DO 30 l # J , N 
S E A R C H FOR iMAXIMUM C O E F F I C I E N T IN COLUMN 
I J # I T a i 
I F | D A B S % & I G A < - D A B S S ; A ? ^ I J < < < 2 0 , 3 0 , 3 0 
20 B I G A # A S ; I J < 
liVlAX#l 
30 C O N T I N U E 
T E S T FOR P I V O T L E S S THAN T O L E R A N C E ^ S I N G U L A R M A T R I X < S I 
I F % D A B S 1 ; B I G A < - T 0 L < 3 5 , 3 5 , t 0 
35 i<S#l 
R E T U R N 
I N T E R C H A N G E ROWS I F N E C E S S A R Y 
l l # J & N * % J - 2 < 
I T # l i V ! A X - J 
DO 50 i< # J ,N 
I 1 # I 1 S ?N 
I 2 # I I S I T 
S A V E # A | I 1 < 
A % I 1 < # A | I 2 < 
A ? « I 2 < # S A V E 
D I V I D E E Q U A T I O N B Y L E A D I N G C O E F F I C I E N T 
50 A | I 1 < # A ? ^ I 1 < / B I G A . 
SAVE#B%lf4AX< 
• B % I M A X < # B | J < 
B % J < # S A V E / B I G A 
E L I M I N A T E NEXT V A R I A B L E 
1 F % J - N < 5 5 , 7 0 , 5 5 
55 I Q S # N * ? J J - 1 < 
DO 65 1 X # J Y , N 
I X J # I Q S S i l X 
I T # J - I X 
DO 50 J X # J Y , N 
I X J X # N * % J X - l < S i l X 
J J X # I X J X & I T 
102. 
50 A % 1 X J X < # A % I X J X < - % A % I X J < * A % J J X < < 
65 B % I X < # B | I X < - % B % J < * A % I X J < < 
BACK S O L U T I O N 
70 N Y # N - 1 
I T # N * M 
DO 80 J # 1 , N Y 
1 A # I T - J 
I B # N - J 
I C # N 
DO 80 K # 1 , J 
B |1B<#B?^ I B < - A | I A < * B | I C < 
I A # I A - N 
80 I C # I C - 1 
R E T U R N 
END. 
S U B R O U T I N E D G T P R D ^ A , B , R , N , L < 
DOUBLE P R E C I S I O N A , B , R 
D I M E N S I O N A?a</B^1<,R%1< 
1 R#0 
I K # - N 
DO 10 K # 1 , L 
I J # 0 
I K # I K & N 
DO 10 J # 1 , M 
IB#I1< 
I R # I R & 1 
R%IR<#0 
DO 10 l # l , N 
I J # I J & 1 
I B # I B . S i l 
10 R | I R < # R | I R < & A ^ I J < * B % I B < 
R E T U R N 
END 
S U B R O U T I N E P L S Q F ^ X , Y , M , N , U , E R R , A , V < 
DOUBLE P R E C I S I O N X , Y , A , U , V , E R R , Y C 
D I M E N S I O N X | 1 < , Y % 1 < , A % 1 < , U ^ 1 < , V ^ 1 < 
DO 3 l # l , M 
A % l < # 1 . 0 
DO 3 J # 1 , N 
J l # J J - l M 
3 A % J J < # A ^ „ J 1 < * X % I < 
C A L L DGTPRD ^ A , Y , U , M , N & l , 1 < 
C A L L DGTPRD %A, A , V , M , N & l , M S K 
CALL DSIMQ | V , U , M&.l, NERR< 
E R R # 0 
J 1 # N & 1 , 
DO 2 l # l , M 
Y C # 0 . 0 
DDI . J # 1 , J 1 
J J # M * ^ J - 1 < & I 
1 YC#A?oJ J<*U | J<&YC 
A( I ) = Y d ) - Y C ' 
2 E R R # A S ; I < * A ? l < a i E R R 
R E T U R N 
END 
c-fePLACEMEMT OR " C A r - I C E L " . 
103. 
) COMMAND 
DOUBLE P R E C I S I O N X , Y , A , U , V , E R R , YC 
D I MENS I ON X ( 2 0 0 ) , Y ( 2 0 0 ) , U ( 1 0 ) , A ( 2 0 0 0 ) , V ( 2 5 0 ) 
DATA Y E S / ' Y E S ' / , N O / ' N O ' / 
W R I T E ( 6 , 6 0 1 0 ) 
6 0 1 0 F O R I M A T C DO YOU R E Q U I R E I N S T U C T I O N S IN T H E USE O F T H I S P R O G R A M M E ? ' 
1 / ' ! F SO P L E A S E T Y P E Y E S , I F N O T T Y P E N O . ' / ) 
5 R E A D ( 1 , 1 0 0 0 ) A N S 
1 0 0 0 F O R M A T ( A U ) 
I F ( A N S . E Q . Y E S ) G 0 TO 5 
I F ( A N S . E Q . N 0 ) G 0 TO 1 
W R I T E ( 5 , 6 0 1 1 ) 
6 0 1 1 F O R M A T C A N S W E R I S I N C O R R E C T . P L E A S E R E T Y P E Y E S OR N O . ' ) 
G O T O 6 
5 W R I T E ( 5 , 6 0 1 2 ) 
6 0 1 2 F O R M A T ( ' I N S T R U C T I O N S ' ) 
1 R E A D ( 5 , 5 0 0 1 ) M , N 
V / R I T E ( 6 , 6 0 0 3 ) 
5 0 0 3 F O R M A T ( I H , 2 5 X , ' P O L Y N O M I A L L E A S T S Q U A R E S F I T ' / ) 
R E A D ( 5 , 5 0 0 0 ) ( X ( I ) , I = 1 , M ) 
R E A D ( 5 , 5 0 0 0 ) { Y ( I ) , l = l , M ) 
D O 8 l = l , M 
X L = X ( I ) 
Y L = Y ( I ) • 
X ( I ) = A L O G ( X L ) 
8 Y ( I ) = A L O G ( Y L ) 
3 C A L L P L S Q F ( X , Y , M , N , U , E R R , A , V ) 
N l = N+1 
W R I T E ( 6 , 6 0 0 l f ) 
eOOh F O R M A T C C U R V E I S OF T H E F O R M : Y = A 0 + A 1 * X + A 2 * X * * 2 + . . . + A N * X * * N ' / ) 
V m i T E ( 6 ^ 6 0 0 5 ) N , M 
6 0 0 6 F O R M A T C ORDER OF C U R R E N T F I T = ' , 1 2 , l O X , ' N O . O F P O I N T S G I V E N = ' , 
1 1 3 / ) 
D O 2 I = 1 , N 1 
1 1 = 1 - 1 
2 K ' R I T E ( 6 , 6 0 0 5 ) 1 1 , U ( I ) 
5 0 0 5 F O R M A T C A ' , I I , ' = \Elh.6) 
W R I T E ( 6 , 6 0 0 2 ) 
6 0 0 2 F 0 R f v ] A T ( / / / 8 X , ' X ' , 1 2 X , ' Y ' , I I X , ' E R R O R ' / ) 
W R I T E ( 6 , 5 0 0 0 ) ( X ( I ) , Y ( I ) , A ( I ) , l = l , M ) 
W R I T E ( 6 , 6 0 0 7 ) 
6 0 0 7 F O R M A T C 0 " E R R O R " I S T H E A L G E B R A I C D I F F E R E N C E BETWEEN T H E V A L U E 
I G I V E N F O R Y AND THAT FOUND F R O M T H E F I T T E D C U R V E ' / ) 
5 0 0 0 F O R M A T ( 8 F 1 0 . 0 ) 
5 0 0 1 F 0 R M A T ( 2 I 5 ) 
6 0 0 0 F O R M A T d H , 3 E l f | . 5 ) 
R E A D ( 1 , 5 0 0 1 ) N 
I F ( N ) 4 , 1 , 3 
4 S T O P 
END 
F I L E 
APEBHDIX V I 
D e r i v e d Resu l t s 
0.8 
Re Nusse l t 
> 17 X Y ERROR 
> 19 0 .3837S7D 03 0 . 1 0 9 0 3 0 0 05 - 0 . 5 9 6 0 0 0 0 03 
> 20 0 .367128D 03 0 . 1 0 1 2 4 0 D - 0 5 - 0 . 7 2 9 0 i j 0 D 03 
> 21 0 .3S8657D 03 . 0.1012I}OD 05 - 0 . 7 8 7 6 6 0 D 03 
> 22 0 .358051D 03 0 .977500D Ok - 0 . 7 3 6 8 5 9 D 03 
> 23 0 .270017D 03 0 .746000D Ok - 0 . 1 3 5 8 2 7 D 03 
> 2h 0 .272503D 03 0.7tt6000D Oii- - 0 . 2 0 8 3 9 5 D 03 
> 25 0 .275396D 03 0 .756200D Ok - 0 . 9 1 5 7 2 0 D 02 
> 26 0 .297682D 03 0 .833800D Ok - 0 . 9 7 3 9 2 8 D 02 
> 27 0 .288328D 03 0.737k00D Ok - 0 . 2 6 9 6 5 1 D 03 
> 28 0 .311782D 03 0 .859000D Ok - 0 . 3 0 0 3 6 0 D 03 
> 2 9 0 .281983D 03 0,7S7k00D Ok - 0 . 7 5 3 2 7 0 D 02 
> '30 0 .282188D 03 0 .833800D Ok 0.381ft78D 03 
> 31 0 .362113D 03 0.1012ffOD 05 - 0 . 5 3 9 6 2 0 D 03 
> 32 0.3kk820D 03 0 .977500D Ok - 0 . Z 5 3 0 5 7 D 03 
> 33 0 .429063D 03 Q.lkUkOD 05 0 .790535D 03 
> 3k 0.k5k986D 03 0 .1 i t l7 l f0D 05 0 .530067D 03 
> 35 0 .£^38678D 03 O.lkUkOD 05 0 .356079D 03 
> 3 6 0 .320167D 03 0 .91f i500D Ok - 0 . 2 4 6 2 3 6 D 02 
> • 37 0 .318175D 03 0,.787kOQD Ok • - 0 . 1 2 2 8 7 1 D Ok 
> 38 0 .331661D 03 0.91it500D Ok • • 0 . 4 1 7 9 0 1 0 03 
> 39 0 .316979D 03 0.9kk9Q0D Ok 0 .386313D 03 
> kO 0 .270639D 03 0.787kOQD Ok 0 . 2 5 0 0 5 9 0 03 , 
> kl 0.28^^8530 03 0 .914500D Ok 0 .110770D Ok 
> k2 0 .2S2598D 03 0 . 8 0 9 9 0 0 D Ok 0 .130081D 03 
>. 43 
105. 
0 . 286898D 03 0.7S7k00D Oh - 0 . 2 2 5 7 6 5 0 03 
> kh 0 . 3 0 8 1 7 1 D 03 0 . 8 0 9 9 C 0 D Qk - 0 . 6 7 3 1 1 1 D 03 
> h5 0 .309576D 03 0 .833800D Ok -Q.li7999kd 03 
0 .258759D 03 0 . 91It500D Ok 0 .187056D Ok 
' 0 . 2 6 9 6 0 ^ 0 03 0 . 9 1 « l 5 0 0 D Ok 0 . 1 5 5 1 2 3 D Oil-
0 . 3035U2D 03 0.83UU00D Ok - 0 . 2 7 8 2 7 8 D 03 
, 0 . 2 9 9 0 9 9 0 03 0 .823800D 0^1.-0.21+22950 03 
. 0 .27312tiD 03 0 . 7 2 3 1 0 0 D Ok - 0 . t | 5 5 6 0 1 D 03 
0 .250766D 03 0 .673200D Ok - 0 . 3 2 1 1 5 3 D 03 
0 .265653D 03 0 . 7 2 3 1 0 0 D Ok - 0 . 2 3 8 8 1 5 D 03 
. 0 . 2 5 S 1 3 0 D 03 0 . 6 9 7 3 0 0 D Ok - 0^2837300 03 
D . 2 6 3 5 6 8 D - 0 3 0. 72310.0D Ok -0 . 179252D 03 
0 . 2 5 4 5 6 0 0 03 0 . 6 9 7 3 0 0 0 Ok -O.UkkOSD 03 
0 .255! i01D 03 0 .697300D Ok - 0 . 2 0 7 7 0 0 0 03 
0 .2616890^03 0 . 7 2 3 1 0 0 D 04 - 0 . 1 2 5 8 9 0 D 03 
0 .241219D 03 0 .673200D 04 - 0 . 6 4 6 8 3 8 D 02 
, 0 . 2 3 2 4 4 1 0 03 0 . 6 5 0 8 0 0 0 04 - 0 . 5 0 2 5 1 5 0 02 
0 .253297D 03 0 . 72 31000 04 >* 0 . 10 845 ID 03 
0.237-161D 03 0 . 6380000 04 - 0 . 3 1 0 1 9 9 D 03 
0. 283624D 03 0 . 8 1 6 9 0 0 0 04 T) . 1690380 03 
0 . 2 8 0 3 4 0 0 03 0 . 8 1 0 1 0 0 0 04 0 . 2 0 0 1 3 0 0 03 
0 . 2 9 8 2 9 0 0 03 0 . 8 8 3 0 0 0 0 04 0 . 3 7 5 3 8 0 0 03 
, 0 . 2 6 4 1 9 4 0 03 0 . 7 8 1 0 0 0 D 04 0 . 3 8 1 9 0 9 0 03 
0 .306362D 03 0 .899700D 04 0 . 2 8 3 6 8 8 0 03 
0 . 3 0 7 9 7 0 D 03 0 . 9 7 6 0 0 0 0 04 0 . 9 9 4 4 3 3 0 03 
0 .234804D 03 0 . 6 4 4 4 0 0 0 04 - 0 . 1 S 5 0 4 3 D 03 
0 . 2 2 8 9 9 4 D 03 0 .644400D 04 - 0 . 3 6 4 7 9 9 0 02 
0 . 2 2 6 4 0 0 0 03 0. '6350000 04 - 0 . 5 5 1 5 1 5 D 02 
> 46 
> 47 
> 48 
> 49 
> 50 
; > 51 
> 52 
> 53 
> . 5 4 
. > 55 
> 56, 
> ^57 
> 58 
> - 59 
> 60 
> 61 
> 62 
> 63 
> 64 
> 65 
> 66 . 
> 67 
> 68 
> 69 
> 70 
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> 71 
> 72 
> 73 
> 74 
> 75 
> 76 
> 77 
> 78 
> 79 
> 80 
> 81 
> 82 
> 83 
> 84 
> 85 
> 86 
> 87 
> 88 
> 8 9 
> 90 
> 91 
> 92 
> 93 
> 94 
> 95 
> 96 
> 97 
> 98 
> 99 0 
#EMD OF F I L E 
I I 
0 . 2 2 2 2 7 8 D 03 0 . 5 1 9 8 0 0 D 04 - 0 . 1 1 4 6 4 1 D 03 
0 . 2 4 1 2 1 9 0 03 0 .58750QD 04 0 . 7 8 3 1 6 2 0 02 
0 . 3 1 5 3 8 0 0 03 0 . 9 7 6 2 0 0 D 04 0 . 7 1 9 2 8 9 0 03 
0 . 3 0 6 5 6 3 0 03 0 . 9 4 7 8 0 0 0 04 0 .758155D 03 
0 . 1 8 0 8 5 6 0 03 0 . 4 2 9 9 0 0 D 04 - 0 . 1 0 7 0 0 9 0 04 
0 .159338D 03 0 .470700D 04 - 0 . 4 2 7 7 5 2 0 03 
0 .230072D 03 0 . 6 8 6 0 0 0 0 04 0 . 3 5 2 1 7 5 D 03 
0 . 2 2 8 9 9 4 0 03 0 . 5 9 3 4 0 0 0 04 0 . 4 5 3 5 2 0 0 03 
0 . 1 5 8 3 3 5 0 03 0 . 4 4 4 7 0 0 D 04 - 0 . 4 7 5 3 1 9 0 03 
0 . 1 7 7 8 7 8 0 03 0 . 5 1 5 9 0 0 0 04 - 0 . 1 4 8 3 4 8 0 03 
0 . 1 7 5 8 1 0 D 03 0 . 4 9 5 0 0 0 0 04 - 0 . 3 0 4 9 4 0 0 03 
0 . 1 7 7 8 7 8 D 03 0 . 5 0 7 7 0 0 0 04 - 0 . 2 3 0 3 4 8 0 03 
0 . 1 7 1 1 9 3 0 03 0 . 4 8 1 2 0 0 D 04 - 0 . 3 5 9 6 8 3 0 03 
0 . 1 8 8 8 1 3 0 03 0 . 4 9 6 0 0 0 0 04 - 0 . 5 7 8 0 9 9 0 03 
0 . 1 9 5 7 9 4 0 03 0 . 5 3 9 6 0 0 D 04 - 0 . 2 9 5 1 6 3 D 03 
0 . 1 8 7 9 0 8 0 03 0 . 5 6 5 5 0 0 0 04 0 . 1 3 7 4 2 2 0 03 
0 .188361D 03 0 . 5 7 0 7 0 0 0 04 0 . 1 7 8 5 6 8 D 03 
0 . 2 2 0 5 3 7 0 03 0 . 5 3 7 4 0 0 D 04 - 0 . 8 9 5 8 0 6 0 03 
0 . 1 9 3 0 9 9 D 03 0 . 5 3 7 4 0 0 0 04 - 0 . 2 5 7 5 4 1 D 03 
0 . 2 1 2 2 2 1 D 03 0 . 6 5 1 4 0 0 0 04 0 . 4 4 4 9 5 2 0 03 
0 . 2 0 3 8 2 6 D 03 0 . 5 5 5 9 0 0 D 04 - 0 . 3 1 3 8 1 9 D 03 
0 . 2 2 0 1 0 1 D 03 0 . 6 3 2 2 0 0 0 04 0 . 6 2 8 7 2 3 D 02 
0 . 2 0 8 2 5 5 D 03 0 . 6 0 5 5 0 0 D 04 0 . 7 9 4 7 1 3 D 02 
6752000 04 0 . 7 5 0 5 9 6 0 03 
6 3 5 3 0 0 0 04 0 . 8 0 5 1 2 1 D 03 
678800D 04 0 . 1 5 7 9 1 8 0 04 
560700D 04 0 . 2 2 3 5 8 7 D 03 
0 . 1 6 7 9 4 3 D 03 0 . 5 1 5 3 0 0 D 04 0 . 5 1 7 8 4 5 D 02 
ERROR' I S THE A L G E B R A I C D I F F E R E N C E BETH'EEM THE VALUE G l 
0 . 2 0 9 3 5 8 0 03 0 
0 . 1 8 9 2 6 5 D 03 0 
0 . 1 7 3 8 4 3 D 93 0 
0 . 1 8 1 5 4 1 D 03 0 
107. 
RevBolds NombftT' 
637 
587 
859 
854 
540 
624 
615 
624 
595 
672 
703 
668 
670 
815 
691 
777 
739 
813 
759 
764 
674 
603 
640 
584 
Drag O o e f f i o i e n b . 
IG .216 
11.151 
5.136 
5.015 
12.377 
9.452 
10.006 
9.239 
10.378 
8.354 
7.565 
8.424 
8,431 
5.693 
7.824 
5.948 
6.474 
5.149 
5.743 
4.752 
7.685 
9.350 
8.773 
9.177 
108 
1212 
1190 
1063 
956 
1027 
991 
1017 
974 
978 
1008 
911 
870 
968 
892 
1114 
1096 
1186 
1020 
1226 
1234 
881 
854 
842 
823 
911 
1276 
1227 
4.302 
4.411 
5.774 
6.660 
5.876 
6.101 
5.566 
6.013 
6.083 
5.745 
6 . i ^ 
7.O85 
6.488 
7.056 
4,237 
4.276 
3.543 
4.794 
3.462 
3.106 
6.772 
6.548 
6.770 
7.155 
5.775 
2.826 
2.980 
109. 
Re.-TOolds TJnmK»>. 
1622 
i 1535 
' 1543 
1488 
1048 
1060 
1074 
1183 
1137 
1253 
1106 
1107 
1509 
1420 
I863 
1895 
1915 
1295 
1285 
1353 
1279 
1051 
1120 
1109 
1130 
1235 
1247 
994 
1046 
Drag Ooeff-i.H»»4. 
3.254 
2.919 
2.665 
4.176 
6.813 
6.898 
6.250 
5.43 
6.03 
5.000 
6.057 
5.O65 
3.669 
3.864 
1.856 
1.885 
1.903 
5.103 
6.167 
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4.176 
5.624 
5.468 
5.023 
4.359 
4.334 
5.592 
5.246 
NOMEWCLATUBE 
A 
Ap 
B 
c 
dd 
D 
h 
k 
Ko 
L 
m 
Pr 
r 
Re 
Sc 
t 
T 
AT 
Surface area o f drop 
P r o j e c t e d area o f drop 
T r a n s f e r number 
S p e c i f i c heat a t cons tant pressure 
Drag c o e f f i c i e n t 
E q u i v a l e n t s p h e r i c a l diameter o f drop 
A c c e l e r a t i o n due t o g rav i ty -
Heat t r s m s f e r c o e f f i c i e n t 
Thermal c o n d u c t i v i t y o f medium 
Evapora t ion cons tan t 
L a t e n t heat o f v a p o r i s a t i o n 
Mass o f drop 
Nusse l t Humber 
P r a n d t l number 
Dis tance f r o m cen t re o f sphere 
Eeyiiolds number 
Schmidt number 
a?ime 
Temperat^^re 
Temperature d i f f e r e n c e 
V e l o c i t y 
Dens i t y 
Kinemat ic v i s c o s i t y 
Subsc r ip t s 
A 
m,M 
d,D 
I . 
E 
0 
L 
^ L t 
M 
t 
T 
T 
Atmosphere , 
Mean c o n d i t i o n s 
Drop 
L i q u i d ' 
Evapora t ion 
S t a t i o n a r y drop 
L e t bar denote c o n d i t i o n s o f i n t e n s e mass t r a n s f e r 
Z * Latent tkeat of impt^ Eieatioa ^ 3 / ^ 
C - Sf©cifi« jjfat y i5g 
Kg 
imtmm lOO^  mpmx' at irep tei^ e^rattir® aad mi$ar!ifati4 iite^ at 
110. 
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